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Preface to “"Mineralogy and Geochemistry of Gems”

Gems have been used in the manufacture of jewellery and as ornaments since antiquity.
Nowadays, gemmology, i.e., the study of gem materials, is one of the most rapidly expanding fields in
the earth sciences. Recent statistics have shown that about 15 billion Euros are annually at stake. This
Special Issue emphasises the recent advances in both fundamental and applied studies of gems based
on different aspects of research, which can be used to constrain the conditions of their formation.
Given that gems are rarely available for scientific research, the present compilation of 20 publications

offers very good examples of the application of various methods for their study.

Panagiotis Voudouris, Stefanos Karampelas, Vasilios Melfos, Ian Graham

Special Issue Editors
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Gems are materials used for adornment or decoration that must satisfy several criteria where they
must be aesthetic and visually appealing; relatively rare; hard and tough enough to resist “normal”
wear; and able to withstand corrosion by skin contact and cosmetics [1]. Gems have been used since
antiquity thus, gemology, the science dealing with gems, is positioned between academia and industry.
As an applied science, in gemology, the instruments used should be non- or micro-destructive and
their cost should be reasonable (both in terms of equipment and time consumption [2,3]). Gemology
can also contribute to the development of pure science and in some cases, destructive techniques
may have to be used [1-3]. This special issue presents recent advances on the study of various types
of gems based on a variety of research (e.g., geology, trace element geochemistry, inclusion studies,
geochronology, spectroscopy). It includes 20 articles by around 100 researchers from over 30 different
institutions situated in 20 countries from around the globe. These articles will hopefully contribute to
our better understanding of the formation of gems.

Pegmatites are known to be a source of several (>50) gem-quality minerals [4,5]; and in the
present Special Issue, three works related to gems and pegmatites are published [6-8]. The first
work by Strmi¢ Palinkas et al. [6] is concerned with a detailed analysis of the economically important
gem-bearing Boqueirdo granitic pegmatite situated in the Borborema Pegmatitic Province (BPP) from
Rio Grande do Norte in Northeast Brazil. The Boqueirao granitic pegmatite is classified as a member
of the Lithium-Caesium-Tantalum (LCT) pegmatite family and was emplaced during a late stage of
magmatic activity in the late Cambrian. The second work by Huong et al. [7] presents a comparison
of the trace element geochemistry of danburite, a gem mineral commonly formed within transition
zones of metacarbonates and pegmatites as a late magmatic accessory phase from Mexico, Tanzania,
and Vietnam. Differences in the rare earth elements (REE) concentrations of danburite from the
different localities were observed and these show that trace element variations reflect different degrees
of involvement of metacarbonates and pegmatites among different locations. The third work by Diella
et al. [8] is a study of the first gem-quality multicoloured tourmalines found in the Alps hosted in LCT
pegmatites of the Adamello massif, Italy. Tourmaline is considered as an important recorder of its
geological formation [9,10] and the results of the study may contribute to understanding the evolution
of the pegmatites in this massif.

Giuliani et al. [11] and Karampelas et al. [12] present studies on emeralds; the bluish-green to
green to yellowish-green variety of beryl coloured by chromium and sometimes vanadium. The first
group of authors in their review proposed an enhanced classification for emerald deposits based
on the geological environment (magmatic or metamorphic), host-rock types (mafic-ultramafic rocks,

Minerals 2019, 9, 778; d0i:10.3390/min9120778 1 www.mdpi.com/journal/minerals



Minerals 2019, 9, 778

sedimentary rocks, and granitoids), degree of metamorphism, styles of mineralization (veins, pods,
metasomatites, shear zone) as well as the type of gem-forming fluids and their temperature, pressure,
and composition [11]. Karampelas et al. [12] present an applied study that provides a chemical and
spectroscopic analysis of gem-quality emeralds from the most important sources (i.e., Afghanistan
(Panjsher Valley), Brazil (Itabira), Colombia (Coscuez), Ethiopia (Shakisso), Madagascar (Mananjary),
Russia (Ural mountains), Zambia (Kafubu) and Zimbabwe (Sandawana)). Their study demonstrates
how these different analyses can collectively be used to distinguish them from one another (i.e.,
geographic gem determination).

Rubies and sapphires are coloured gem varieties of corundum and can be found in various places
around the globe. Ruby is the red variety and sapphire is the blue variety, while all other coloured
corundums are called fancy sapphires and need a colour prefix (e.g., pink sapphire, yellow sapphire).
A comparative study of ruby chemistry and inclusions between Myanmar and eastern Australia is
presented by Sutherland et al. [13] and clearly shows that although having formed in different parts of
the world, at different times and under different tectonic settings, unusual Ga-rich rubies occur in both
regions, indicating primary generation involving magmatic processes. Sorokina et al. [14] focus on the
genesis of gem-quality sapphires from the Ilmen Mountains (South Urals, Russia) found in situ within
ultramafites. These sapphires were formed together with a spinel-chlorite-muscovite rock during the
metasomatic alteration of orthopyroxenites at a temperature around 700-750 °C and pressure of about
1.8-3.5 kbar. Despite their metasomatic genesis, Laser Ablation-Inductively Coupled Plasma-Mass
Spectrometry (LA-ICP-MS) analyses of these blue sapphires showed that they clearly fall into the range
of “metamorphic” sapphires (e.g., Ga/Mg < 2.7). Filina et al. [15] presented data on another occurrence
of sapphires in the same region of the South Urals occurring in anorthosites (kyshtymites). Syngenetic
zircon inclusions of magmatic origin were found in these sapphires; however, a few of the measured
elements using LA-ICP-MS show that some of these sapphires also fall into the range for “metamorphic
sapphires (e.g., Ga/Mg < 0.8). Formation of anorthosites (kyshtymites) is still debatable and two
possible scenarios (magmatic and metamorphic-metasomatic) are proposed. Voudouris et al. [16] give
an overview of gem corundum deposits from Greece where they occur within clearly diverse geological
settings. For instance, pink sapphires to rubies from Paranesti (Drama area; found in boudinaged
lenses of Al-rich metapyroxenites alternating with amphibolites and gneisses), pink to purple to blue
sapphires from Gorgona (Xanthi area; occurring within marble layers alternating with amphibolites),
and sapphires from the central part of Naxos Island (associated with desilicated granite pegmatites
intruding ultamafic lithologies, a.k.a. plumasites) can be classified as metamorphic in origin. On the
other hand, blue sapphires from the southern part of the Naxos and Ikaria Islands (both occurring
in fissures within metabauxites hosted in marbles) display atypical magmatic signatures, indicating
a likely hydrothermal origin. In these four papers [13-16], it is evident that some ratios used to separate
gem corundum from different geological environments (e.g., Ga/Mg ratio [17]) should be applied with
caution. They possibly need revision using solely data obtained from gem-quality samples, in addition,
the data should be grouped carefully according to colour. Corundum oxygen isotope values have been
used to determine the likely geological origin of gem-quality corundum as well as to constrain the
likely geological environment of samples collected from secondary alluvial deposits [18-22]. There are
two contributions on the use of in situ oxygen isotope analysis on gem corundum from a primary and
secondary occurrence to help better understand their origin [23,24]. The first by Wang et al. [23] is on
fingerprinting rubies from Paranesti in northern Greece and importantly suggests that this method
can be used to distinguish between two similar occurrences only 500 metres apart. The second paper
by Graham et al. [24] is on the use of in situ oxygen isotopes to help in determining the genesis
and evolution of alluvial sapphires from the Orosmayo region (Jujuy Province, NW Argentina) and
importantly shows that there is a wide, although systematic, range in oxygen isotope values, which can
be explained by differing degrees of interaction between mantle-derived magmas, lower crustal felsic
magmas, and, most likely, both mantle- and crustal-derived metasomatic fluids.
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Pearls are biogenic gems and are of historic and present-day importance [1,25]. A study of
a large number of natural and cultured pearls found in various bivalves from saltwater and freshwater
environments using LA-ICP-MS and X-ray luminescence is given by Karampelas et al. [26]. LA-ICP-MS
can be used to accurately separate freshwater from saltwater samples using manganese, barium,
sodium, magnesium, and strontium ratios, and in some cases, even to identify their host bivalve
species. Additionally, X-ray luminescence reactions of the studied samples have confirmed a correlation
between yellow-green intensity and manganese content in aragonite. It is suggested that orange
luminescence, observed in a few freshwater samples under X-rays, is due to a different coordination of
Mn?* in vaterite as compared to aragonite.

Zircon is another important mineral geologically [27,28], which can be of gem-quality. Studies
on gem-quality zircons from two occurrences are also included in this Special Issue [29,30]. Data by
Piilonen et al. [29] on zircon xenocrysts from alkali basalts in Ratanakiri Province (Cambodia) suggest
that their genesis involved zirconium-saturated, aluminium-undersaturated, carbonatitic-influenced,
low-degree partial melting (<1%) of peridotitic mantle at ca. 60 km beneath the Indochina terrane.
Data by Bui Thi Sinh et al. [30] on zircon crystals (up to 3 cm long) from placer deposits in the Central
Highlands of Vietnam suggest a genesis from carbonatite-dominant melts as a result of partial melting
of a metasomatized lithospheric mantle source as well as resorption and re-growth processes.

The paper by Dill [31] is an excellent review of gem placer deposits, outlining their processes of
formation, controls on deposition, and concludes with a new classification system. Stubria et al. [32]
describe some relatively small (< 0.2 ct) and rare gem-quality demantoid (i.e., yellowish-green to
green coloured andradite garnet) from serpentinized harzburgites situated in Dobsind, Slovakia.
Curtis et al. [33] in their work reviewed the current opal classification including additional data on
samples from new localities. Classification of opal-A, opal-CT, and opal-C as well as transitional types
can use XRD and infrared spectroscopy with the aid of Raman spectroscopy and nuclear magnetic
resonance (NMR).

Klemme et al. [34] focus on the genesis of prase (green-coloured quartz) and amethyst from
Serifos Island (Cyclades, Greece). The stable oxygen and hydrogen isotopic composition of both
quartz varieties suggest a mixing of magmatic and meteoric (and/or marine) fluids. Large (up
to several centimetres) and vividly coloured Mn-rich minerals (kyanite, green andalusite, garnet
-grossular, and spessartine- and red-epidote) of “near” gem-quality from Thassos Island (Rhodope,
Greece) are described by Tarantola et al. [35]. They also show that the orange colour of kyanite from
Thassos is due to Mn3*; this is the second reported occurrence (after Loliondo, Tanzania) of such
kyanite. Voudouris et al. [36] offer an overview of collector and gem-quality mineral occurrences from
Greece, relating them to various geological environments such as regional metamorphic-metasomatic,
alpine-type fissures, plutonic-subvolcanic intrusions and pegmatites, zones of contact metamorphism,
and peripheral volcanic rocks.

This Special Issue is a good example of the growing number of scientists working and collaborating
on various gem-related topics around the world. We hope that this issue will shed light on various
aspects of gemology, enhance scientific debate, and attract more scientists from various disciplines to
become involved in this field of research.
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Abstract: The Boqueirao granitic pegmatite, alias Alto da Cabega pegmatite, is situated in Borborema
Pegmatitic Province (BPP) in Northeast Brazil. This pegmatitic province hosts globally important
reserves of tantalum and beryllium, as well as significant quantities of gemstones, including aquamarine,
morganite, and the high-quality turquoise-blue “Paraiba Elbaite”. The studied lithium-cesium-tantalum
Boqueirao granitic pegmatite intruded meta-conglomerates of the Equador Formation during the late
Cambrian (502.1 + 5.8 Ma; *°Ar/* Ar plateau age of muscovite). The pegmatite exhibits a typical zonal
mineral pattern with four defined zones (Zone I: muscovite, tourmaline, albite, and quartz; Zone II:
K-feldspar (microcline), quartz, and albite; Zone III: perthite crystals (blocky feldspar zone); Zone IV:
massive quartz). Huge individual beryl, spodumene, tantalite, and cassiterite crystals are common as
well. Microscopic examinations revealed that melt inclusions were entrapped simultaneously with fluid
inclusions, suggesting the magmatic-hydrothermal transition. The magmatic-hydrothermal transition
affected the evolution of the pegmatite, segregating volatile compounds (H,O, CO,, N;) and elements
that preferentially partition into a fluid phase from the viscous silicate melt. Fluid inclusion studies on
microcline and associated quartz combined with microthermometry and Raman spectroscopy gave an
insight into the P-T-X characteristics of entrapped fluids. The presence of spodumene without other
LiAI(SiO3), polymorphs and constructed fluid inclusion isochores limited the magmatic-hydrothermal
transition at the gem-bearing Boqueirdo granitic pegmatite to the temperature range between 300 and
415 °C at a pressure from 1.8 to 3 kbar.

Keywords: gem-bearing pegmatite; fluid inclusions; P-T-X equilibria; spodumene; Ar/Ar dating

1. Introduction

Pegmatites, plutonic igneous rocks characterized by extremely coarse crystals with a systematically
variable size, represent an important source of industrial minerals (feldspars, quartz, spodumene,
petalite), hi-tech mineral commodities (e.g., Li, Cs, Be, Nb, Ta, Sn), and gemstones. The most common
pegmatite-hosted gem minerals are colored varieties of beryl (aquamarine, heliodor, and morganite),
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Li-rich tourmaline (elbaite-rossmanite and liddicoatite), blue and sherry topaz, transparent varieties of
spodumene (kunzite), low-iron spessartine, and optical-grade quartz [1].

The Boqueirao granitic pegmatite, also known as the Alto da Cabega pegmatite, is situated in the
northernmost part of the Serra das Queimadas Mountains, the State of Rio Grande do Norte, Northeast
Brazil (Figure 1). The pegmatite is hosted by Borborema Pegmatitic Province (BPP), which represents
one of the world’s most important sources of tantalum and beryllium, as well as of gemstones, including
aquamarine, morganite, and the high-quality turquoise-blue “Paraiba Elbaite” [2-5].

38°00' W 37°00'W 36°00' W

7
7 6PATO

50 km

Phanerozoic sedimentary cover

Granites and diorites,
Brazilian age (G,)

Orthogneisses,
Transamazonica age (G,)

The group Serid6 (Lower
Proterozoic) presented by
Jucurutu (J), Equador (E)
and Serid6 formations

The complex Caico6 (Lower
Proterozoic)

Figure 1. A simplified geological map of the Borborema Pegmatitic Province with the location of
the Boqueirao granitic pegmatite, Parelhas, Rio Grande do Norte, Brazil. Adapted with permission
from [6].

Mineralogical and geochemical features, characterized by a strong enrichment in numerous
incompatible elements, including Li, Rb, Cs, Be, Sn, Ta, Nb (with Ta > Nb), B, P, and F, classify the
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Boqueirao granitic pegmatite into the lithium-cesium-tantalum (LCT) family [5-9]. According to
previously published data, the BPP pegmatites were formed in a relatively narrow range of pressure
(2.1 to 4 kbar) but within a wide range of temperatures (390-900 °C) [10-12].

This study brings new fluid inclusion and *°Ar/%? Ar data from the gem-bearing Boqueiréo granitic
pegmatite. The fluid inclusion data combined with the calculated thermodynamic equilibria of the
established mineral paragenesis shed light on the formation conditions of the Boqueirao granitic
pegmatite, whereas the °Ar/* Ar dating confirmed the late Cambrian age of pegmatite emplacement.
A particular focus has been given to the recorded magmatic-hydrothermal transition and its potential
role in the evolution of the studied pegmatite.

2. Geological Setting

The Borborema Pegmatitic Province (6°-7°S, 36°15’-36°45'W) covers the southern part of the
Meso- to Neo-Proterozoic Seridé Foldbelt (Figure 1; [13]). The Serid6 Foldbelt comprises a basal
volcano-sedimentary sequence (Jucurutu Formation), a quartzite-metaconglomerate complex (Equador
Formation), and a turbidite—flysch sequence (Seridé Formation). The area is metamorphosed up to the
upper amphibolite facies (Abukuma type) and retro-metamorphosed into the upper greenschist-facies
grade [14]. Four generations of granite intrusions in the area have been described [15]. The formation of
the pegmatites is related to granites of the late- to post-orogenic phase [16], labelled as G4 granites [15,17].

The Boqueirao granitic pegmatite intruded into meta-conglomerates of the Equador Formation [17].
The central part of the pegmatite exhibits a typical zonal mineral distribution. From its margin to the
center, the pegmatite consists of (Figure 2): Zone I with comb-textured muscovite and/or tourmaline
intergrown with medium-grained albite and quartz (Figure 3a—c); Zone II hosting homogeneous
medium-grained K-feldspar (microcline) accompanied by quartz and albite; Zone III composed almost
exclusively of large perthite crystals (blocky feldspar zone); and Zone IV, i.e., a monomineralic nucleus
of massive milky and/or rose quartz [6,18]. The contact between Zones IIl and IV was a preferred site for
deposition of decimetric to metric, irregular pockets of medium- to fine-grained cleavelandite (albite),
muscovite, and lepidolite selvages with some phosphates and disseminated ore minerals (Figure 3c).
Individual beryl, spodumene, tantalite, and cassiterite crystals have also been found at the boundary,
with the roots of the crystals in the blocky feldspar zone and the tips growing idiomorphically into
the former open space, now filled by the massive quartz core (Figure 3d). Occurrences of beryl and
tourmaline mineralization at the boundaries between Zones II and III (Figure 3e,f), and spodumene
and/or cassiterite in Zones I and II are common ([6] and references therein). The U-Pb dating of
manganocolumbite and ferrocolumbite constrained the time of pegmatite emplacement between 509
and 515 Ma [19].
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Figure 2. The paragenetic sequence of the gem-bearing Boqueirdo granitic pegmatite.



Minerals 2019, 9, 233

Figure 3. Macrophotographs showing: (a) A several-centimeters-thick tourmaline front, Zone I;

(b) Comb-textured tourmaline intergrown within medium-grained albite and quartz, Zone I; (c) Mineral
association composed of cleavelandite (albite), muscovite, and lepidolite; (d) Beryl crystals embedded
within a lepidolite envelopment at the contact between Zones III and IV; (e) Transition from schorl to
blue-colored tourmaline; (f) Red-colored tourmaline from the Boqueirao granitic pegmatite.

3. Materials and Methods

A fluid inclusion study was carried out on microcline and quartz crystals collected from Zone II.
Muscovite grains gathered from Zone I were suitable for 3 Ar/*?Ar dating.

Petrographic and microthermometric measurements of fluid inclusions were performed at the
University of Zagreb. Double polished, 0.1-0.3 mm thick, transparent mineral wafers were studied.
Measurements were carried out on Linkam THMS 600 (Linkam Scientific Instruments Ltd., Tadworth,
UK) stages mounted on an Olympus BX 51 (Olympus, Tokyo, Japan) using 10x and 50x Olympus
long-working distance objectives. Two synthetic fluid inclusion standards (SYN FLINC; pure H,O
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and mixed H,O-CO;) were used to calibrate the equipment. The precision of the system was <2.0 °C
for homogenization temperatures, and <0.2 °C in the temperature range between —60 and +10 °C.
Microthermometric measurements were conducted on carefully defined fluid inclusion assemblages,
representing groups of inclusions that were trapped simultaneously. The fluid inclusion assemblages
were identified based on petrography prior to heating and freezing. If all of the fluid inclusions within
the assemblage showed similar homogenization temperatures, the inclusions were assumed to have
trapped the same fluid and to have not been modified by leakage or necking; these fluid inclusions thus
record the original trapping conditions [20-22]. The salinity of aqueous inclusions was calculated from
the final ice melting temperature using the BULK computer program [23]. Calculations are based on
purely empirical best-fits, with no fundamental thermodynamic modeling involved [24]. The salinity
of aqueous-carbonic inclusions was calculated according to [25]. Isochores were calculated by the
ISOC computer program [23].

Raman spectroscopy of fluid inclusions, used for the semiquantitative analysis of entrapped
volatiles, was performed on a Dilor LabRAM instrument (Horiba, Kyoto, Japan). Investigations were
carried out at Department of Mineralogy and Petrology, Montanuniversitit Leoben. A laser beam
was focused through an Olympus BX 40 microscope (Olympus, Tokyo, Japan) onto the fluid inclusion
of interest. The objective lenses of 50x and 100X magnification, combined with a confocal optical
arrangement, enable a spatial resolution in the order of a cubic micrometer. A frequency-doubled
Nd-YAG green laser (532 nm, 100 mW) was employed.

The “0Ar/* Ar analysis of muscovite was carried out at the ARGONAUT laboratory at the
Department of Geography and Geology, Paris-Lodron-University of Salzburg. Mineral concentrates of
muscovite were packed in aluminum-foil, sealed in quartz vials, and irradiated in the MTA KFKI reactor
(Budapest, Hungary) for 16 h. The neutron fluence was monitored with DRA1 sanidine standard for
which a “°Ar/%° Ar plateau age of 25.03 + 0.05 Ma has been reported [26]. Analyses were performed
using a defocused (~1.5 mm diameter) 25 W CO,-IR laser operating at the wavelengths between 10.57
and 10.63 um. Gas cleanup was performed using two Zr—Al SAES getters (Milan, Italy). Ar-isotopes
were measured on the VG ISOTECHTM NG3600 mass spectrometer (Isotopx, Middlewich, UK) on
an axial electron multiplier in a static mode. Intensities of the peaks were back-extrapolated over 16
measured intensities to the time of gas admittance either with a straight line or a curved fit. Intensities
were corrected for system blanks, background, post-irradiation decay of 37 Ar, and interfering isotopes.
Isotopic ratios, ages, and uncertainties for individual steps were calculated following the suggestions
by [27] and [28] using decay factors reported by [29]. The calculation of the plateau age was carried
out using ISOPLOT/EX [28].

To avoid **Ar/* Ar dating of hydrothermally altered muscovite, prior to the **Ar/* Ar analysis
an aliquot of the muscovite sample was analyzed by applying the X-ray powder diffraction (XRD)
technique. The XRD analysis was conducted at the University of Zagreb on a Philips PW 3040/60 X'Pert
PRO powder diffractometer (45 kV, 40 nA), with CuK-monochromatized radiation (A = 1.54056 A)
and 0-0 geometry. The area between 4 and 63° 26, with 0.02 steps, was measured with a 0.5 primary
beam divergence.

4. Results

4.1. Petrography of Fluid Inclusions

Microscopic examinations, performed at the room temperature on double-side-polished microcline
and quartz wafers from Zone II, distinguished four types of inclusions:

Type I. Two phase-aqueous fluid inclusions (FIs) are mostly irregular, but some of them show
progressive formation of negative crystal forms. The degree of fill (F), around 0.9, is fairly uniform
(Figure 4a—).

Type II. Aqueous-carbonic FIs show mostly irregular forms. This type of inclusion is characterized
by the presence of two immiscible liquid phases (L; and L;) and a vapor (V) phase. The F value

10



Minerals 2019, 9, 233

varies slightly around 0.7 (Figure 4a,d). L; represents an aqueous solution whereas L, is composed of
liquid COs.

Type III. Monophase elongated or slightly irregular gas inclusions (Figure 4e).

Type IV. Melt inclusions are mostly polyphase (Figure 4f), but they do not undergo any phase
transition in the temperature range between —180 and +600 °C.

All four types of inclusions occur together in numerous inclusion assemblages, reflecting
a melt-fluid immiscibility during crystallization of Zone II microcline and quartz.

Figure 4. Macrophotographs of (a) coexisting two-phase, L + V, aqueous fluid inclusions and
three-phase, L; + L, + V, aqueous-carbonic inclusions hosted by quartz; (b) two-phase, L + 'V, aqueous
fluid inclusions seldom contain accidentally entrapped solid phases; (c) two-phase, L + V, aqueous
fluid inclusions in microcline; (d) aqueous-carbonic inclusions in microcline; (e) a vapor-only inclusion
hosted by microcline.
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4.2. Microthermometry of Fluid Inclusions

Microthermometric data were collected from Type I and Type II inclusions hosted by microcline
and quartz (Figure 5). Monophase fluid inclusions (Type III) as well as melt inclusions (Type IV) do
not show any phase transition in the temperature range between —180 and +600 °C.
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Figure 5. Histograms showing frequency distributions of fluid inclusion data: (a) Eutectic temperature
(Te); (b) Final melting temperature of ice (T},1..); () Homogenization temperature (Tj).

Microcline; Type I. A colorless frozen content of the aqueous FIs, formed at moderately low
temperatures (generally around —40 °C), could be observed only by distortion and shrinkage of the
vapor bubble. The initial melting temperature (eutectic temperature, T,) is observed in an interval
between —25.2 and —32.7 °C (Figure 5a) and the final ice melting (T},1c.) occurs between —1.8 and —6.2 °C
(Figure 5b), reflecting the apparent salinity of 3.1-9.5 wt.% equ. NaCl. Homogenization (T}) follows the
disappearance of the vapor phase at 170-220 °C (Figure 5c). The bulk fluid density, calculated utilizing
the equation of state proposed by [30] through the BULK software [23], spans from 0.867 to 0.965 g/cm?.
Type II carbonic-aqueous Fls are composed of a low-density gaseous phase and higher-density aqueous
and carbonic liquid phases. The initial freezing of the aqueous phase was recorded around —40 °C,
and complete freezing occurs at around —100 °C. The first melting of solid CO, occurs mostly in the
temperature range between —60.5 and —67.8 °C, which is assigned to the presence of other volatiles
(such as CH4 and Ny; [31]). Melting of the aqueous part of inclusions was observed in a wide range of
temperatures between —40 and -2 °C. The final melting of clathrate (T,,cja;) spans between 8.0 and 9.0 °C
and reflects salinities ranging from 2.5 to 4.0 wt.% equ. NaCl. Homogenization of the carbonic phase

12



Minerals 2019, 9, 233

proceeds in two ways, L + V=V and L + V—L. Critical phenomena have not been observed. The data
gather around 29 °C in either way of homogenization. Total homogenization (T},) into the liquid phase
occurred in the interval between 170 and 230 °C (Figure 5c). Bulk fluid densities, calculated according to
the equation of state from [32] revised by [33], fall in the range between 0.808 and 0.893 g/cm3.

Quartz, Type I: Measurements performed on aqueous Fls within quartz samples yielded
microthermometric data that overlap with those gathered from microcline (Figure 5a—c). In contrast,
Type II (carbonic-aqueous) Fls in quartz show some differences compared to the same type of Fls
hosted by microcline. The initial melting of CO, occurs in the interval between —57.1 and —65.0 °C.
The recorded T),cian between 7.0 and 9.0 °C points to the salinity between 2.5 and 6.1 wt.% equ. NaCl.
Homogenization of the carbonic phase proceeds mostly, at around 20 °C, into a liquid phase (Figure 5e).
A critical phenomenon was observed only in one inclusion at +19.9 °C. The Th values have been
recorded in an interval between 185 and 225 °C (Figure 5c).

4.3. Raman Spectroscopy of Fluid Inclusions

Raman spectroscopy measurements performed on aqueous Fls (Type I) within microcline and
quartz samples recognized only the presence of water. The measurements of Type II FIs suggest CO,
as the major non-H,O volatile component (Figure 6a). In addition, variable amounts of N, were
detected (Figure 6b). However, in several cases, the measured peak areas were too small for reliable
quantification. A simple formula based on Placzek’s polarizability theory was applied to derive
quantitative molar fractions of species present in Fls [34-38]. The molar fraction of N ranges up to
9 mole % (Table 1). No difference between quartz and microcline samples was observed.
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Figure 6. Raman spectra of the vapor bubble from an aqueous-carbonic inclusion reveal the presence
of (a) CO; and (b) N».
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Table 1. Microthermometric results, Raman data, and calculated bulk compositions of selected
carbonic-aqueous fluid inclusions.

Microthermometry (°C) Raman (mol %)  Bulk Composition (mol %)

Sample FI Density
Twice  Tmetan  Tnco2 Mode  CO, N H,0 CO, N, (g-em™3)
Microcline
m-1 1 -25 8.1 262 \Y% 93.2 6.8 85.4 11.6 0.7 0.9366
m-1 2 -3.1 8.6 28.3 \Y% 96.5 3.5 84.4 12.6 0.2 0.9576
m-1 3 -43 7.8 275 L 98.0 20 83.4 12.6 0.1 0.9691
m-1 4 -2.0 8.9 279 \Y% 947 53 86.7 10.9 0.6 0.9253
m-2 1 2.7 8.7 30.0 L 99.5 0.5 84.3 13.2 <0.05 0.9671
m-2 2 -33 9.2 28.0 L 97.8 22 84.2 12.7 0.2 0.9608
m-3 1 -4.0 8.1 28.6 \Y% 92.1 79 83.6 12.1 0.6 0.9621
m-3 2 -29 7.6 29.1 \Y% 99.9 0.1 84.1 13.2 <0.01 0.9694
m-3 3 -3.1 8.8 28.8 \Y% 93.3 6.7 85.3 11.5 0.4 0.9359
Quartz
q-1 1 -4.0 8.2 20.1 \Y% 93.4 6.6 83.7 12.0 0.8 0.9673
q-1 2 -3.1 8.9 18.5 \Y% 99.7 0.3 82.8 14.4 <0.05 0.9950
q-1 3 -29 8.4 17.9 \Y% 92.6 7.4 83.5 13.0 0.9 0.9749

4.4. The “*Arf9 Ar Age

A concentrate of a few relatively large flakes (<0.5 mm) of white mica (muscovite) free of any
inclusions was selected for dating. The XRD pattern of the analysed muscovite is presented in Figure 7.
The experimental results of “*Ar/*’ Ar dating are given in Table 2. The argon release pattern of the
muscovite sample (Figure 8) shows a slightly disturbed U-shaped pattern with a plateau age of
502.5 + 5.8 Ma, constituting together 88.9% of % Ar released (Steps 4 to 10). Low-energy Steps 1 to
3 yielded an addition of excess argon, whereas a significant increase in some ages (Steps 6 and 8) is
attributed to an internally inhomogeneous distribution of argon in muscovite. The % Arc, values are
low (Table 2) and the variation of 3 Arc, is small. In contrast, the chlorine-derived 3 Arc values are
relatively high (Table 2), showing that muscovite did grow under some saline conditions. We consider
the plateau age of 502.5 + 5.8 Ma to be geologically significant and to date the cooling of pegmatite
through the argon retention temperature, which is experimentally determined at 425 + 25 °C in slowly
cooling terranes [39].

(002)

(806
<066}

RELATIVE INTENSITY

~———{004)

°20

Figure 7. XRD pattern of muscovite dated by the of **Ar/*? Ar technique.
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Figure 8. “CAr/* Ar apparent age spectra of the coarse-grained muscovite sample. Laser energy
increases from left to right. Vertical width of bars represents the 20 error and includes the error of the
J-value. Steps 4-10 are used for calculation of the plateau age.

5. Discussion

Fluid inclusions hosted by pegmatite crystals may provide a snapshot of P-T-X conditions at the
time of their entrapment [40]. Numerous studies on the LCT-type of pegmatites worldwide have
outlined the following types of inclusions: (1) melt inclusions; (2) saline aqueous fluid inclusions;
and (3) CO,-enriched fluid inclusions [41-45]. Classical theories of pegmatite genesis emphasize the
importance of volatiles during crystallization of granitic pegmatites from coexisting aluminosilicate
melt and hydrous fluids [46,47]. According to the model proposed by [48], aluminosilicate melts can
produce highly evolved pegmatitic liquids via continuous crystallization under particular kinetic
conditions. The ubiquitous crystallization commenced by formation of schorl (tourmaline), which
buffered the boron content in the hydrous silicic melt, produces a high amount of exsolution of
hydrous fluid [48]. The “boron quenching” in turn was enhanced by consequent crystallization of
elbaite. The sink of boron, due to tourmaline crystallization and removal of the Li-alkali borate fluxing
component, caused the separation of silicate and aqueous fluids producing supersaturation of alkali
aluminosilicates (albite, microcline, quartz) and oxides, and their massive growth. Experimental
studies support the coexistence of alumino-silicate melt, hydrous fluid, and hydrosaline fluid during
the late stage of magma evolution [49].

Fluid inclusion assemblages, composed of melt inclusions and aqueous and CO,-bearing fluid
inclusions in minerals from Zone II of the gem-bearing Boqueirdo granitic pegmatite, indicate the
magmatic-hydrothermal transition. Similar phenomena have been recorded in other granitic pegmatites
worldwide [50,51]. Melt inclusions represent entrapped remains of the silicate-rich melt, whereas
fluid inclusions contain the fluid phase exsolved during the crystallization process. Additionally,
coexistence of aqueous and aqueous-carbonic inclusions as well as their overlapping homogenization
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temperatures reflect an immiscibility between the low-salinity, low-density CO,-rich fluid phase
and the higher-salinity, higher-density fluid phase during the magmatic-hydrothermal transition.
The recorded three-phase immiscibility (silicate melt-low salinity and low density carbonic-aqueous
fluid-moderate salinity and moderate density fluid) affected the fate of metals in the evolving pegmatite.
The majority of lithophile metals stay in the silicate melt, but some elements preferentially enter
immiscible fluids. The partitioning is strongly controlled by the salinity of the exsolving fluids [52]. Pb,
Zn, Ag, and Fe preferentially partition into fluids with a higher salinity, whereas Mo, B, As, Sb, and Bi
prefer low-salinity fluids. In contrast, Li and Sn do not show systematic variations in their partition
coefficients with the salinity of the fluids [53]. Partitioning of P between silicate melts and exsolving
fluids strongly depends on pressure and temperature. Regardless, partition of flux elements (e.g., B, Li,
and P) into exsolving fluids together with the loss of HyO during the magmatic-hydrothermal transition
may increase the viscosity of evolving silicate melts and affect textural features of pegmatites [54].

The lithium aluminosilicate phase diagram has been used as a petrogenetic grid for lithium-rich
pegmatites [55]. Spodumene and petalite are stable Li-phases in a quartz-saturated system up to
a temperature of 700 °C, which sets the upper limit on the crystallization conditions for Li-rich
pegmatites [56]. However, the Boqueirdo granitic pegmatite is characterized by the presence of
spodumene as the only LiAl(SiO3), polymorph, which reflects the minimum formation pressure of
1.6 kbar (Figure 9).
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Figure 9. The isochores for aqueous (H,O-NaCl FIs) and aqueous-carbonic (H,O-CO, + N-NaCl Fls)
fluid inclusions extrapolated across the stability field of spodumene suggest a formation temperature
in the range between 300 and 415 °C at a pressure from 1.8 to 3 kbar.

Isochores, constructed for the coexisting aqueous and aqueous-carbonic fluid inclusions (calculated
using the equation of state proposed by [57] for the NaCl-H,O system and [32] revised by [33] for the
H,0-CO,-CH4-N»-NaCl system) extrapolated across the stability field of spodumene suggest that the
magmatic-hydrothermal transition associated with the formation of the Boqueirao granitic pegmatite
occurred at a temperature from 300 to 415 °C and a pressure between 1.8 and 3 kbar (Figure 9).
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According to the 0 Ar/* Ar plateau age of muscovite, the Boqueirao granitic pegmatite crystallized
simultaneously with late stage of magmatic activity in the BPP (511-500 Ma; e.g., [58]).

6. Conclusions

According to its mineralogical and geochemical characteristics, the Boqueirdo granitic pegmatite
has been classified as a member of the LCT pegmatite family, broadly widespread over the BPP.
The pegmatite shows a zonal structure with significant enrichment on incompatible elements from its
outer rim toward the massive quartz core.

Coexistence of melt inclusions and aqueous and CO;-enriched fluid inclusions suggests the
magmatic-hydrothermal transition that resulted with segregation of two liquid phases (low salinity
and low density versus moderate salinity and moderate density) from the silicate melt. The fluid
inclusion data together with the well-defined stability of LiAl(SiO3); polymorphs over the P-T area can
be used as an indicator of formation conditions for this type of granitic pegmatite. The fluid inclusion
data obtained from the Boqueirao granitic pegmatite accompanied by the P-T stability of spodumen
revealed that the magmatic-hydrothermal transition occurred in the temperature range between 300
and 415 °C at a pressure ranging from 1.8 to 3 kbar.

The #0Ar/% Ar plateau age of muscovite, at 502.5 + 5.8 Ma, sets the Boqueirao granitic pegmatite
to the late stage of magmatic activity in the BPP.
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Abstract: Danburite is a calcium borosilicate that forms within the transition zones of metacarbonates
and pegmatites as a late magmatic accessory mineral. We present here trace element contents
obtained by femtosecond laser ablation-inductively coupled plasma (ICP)-mass spectrometry for
danburite from Mexico, Tanzania, and Vietham. The Tanzanian and Vietnamese samples show
high concentrations of rare earth elements (YREEs 1900 pg-g~' and 1100 pg-g~!, respectively),
whereas Mexican samples are depleted in REEs (<1.1 ug-g—!). Other traces include Al, Sr, and Be,
with Al and Sr dominating in Mexican samples (325 and 1611 ug-g~!, respectively). Volatile elements,
analyzed using a CHNS elemental analyzer, reach <3000 pg-g~ 1. Srand Al are incorporated following
Ca?* = Sr?* and 2 B> + 3 0%~ = AI** + 3 OH~ + [J (vacancy). REEs replace Ca* with a coupled
substitution of B>* by Be?*. Cerium is assumed to be present as Ce** in Tanzanian samples based
on the observed Be/REE molar ratio of 1.5:1 following 2 Ca®* + 3 B3* = Ce®* + REE®* + 3 Be?".
In Vietnamese samples, Ce is present as Ce** seen in a Be/REE molar ratio of 1:1, indicating a
substitution of Ca?* + B3* = REE3* + Be?*. Our results imply that the trace elements of danburite
reflect different involvement of metacarbonates and pegmatites among the different locations.

Keywords: danburite; trace elements; REE; femtosecond LA-ICP-MS; CHNS elemental analyzer;
pegmatites; skarn

1. Introduction

Danburite crystallizes in the orthorhombic system and has the formula CaB,Si;Os. Its structure
consists of a tetrahedral framework with boron and silicon orderly distributed in different tetrahedral
sites. The framework of corner-sharing SiO; and B,O7 groups are interconnected by Ca atoms [1,2].
According to previous studies [3,4], the structural unit of danburite contains two tetrahedrally coordinated
cations (T1: B and T2: Si), one calcium, and five oxygen atoms, among which O1, O2, and O3 are bonded
to both B and Si, while O4 and O5 are bridging oxygens of the Si;O7 and B,O;7 groups, respectively.
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Danburite is one of the few boron minerals that are valued as gemstones. After its discovery in
Danbury, Connecticut, USA, colorless gem-quality danburite has been subsequently found in Japan,
Mexico, Russia, Sri Lanka, and Switzerland [5]. Exceptionally rare is yellow danburite, which so far
has been reportedly found only in Madagascar, Tanzania, Myanmar, and Vietnam [6,7]. The important
geological environments that are known to have produced gem-quality danburite specimens include
pegmatites and metacarbonates associated with hydrothermal activity [8-10].

Previous studies presenting danburite compositions were generally limited to its major element
geochemistry (e.g., [11,12]) due to the lack of microanalytical reference materials for boron minerals.
While Huong et al. [7] overcame this issue by applying femtosecond laser ablation-inductively coupled
plasma-mass spectrometry (LA-ICP-MS), which allows virtually matrix-independent calibration,
their study was confined to a regional scale. Here, we present state-of-the-art femtosecond LA-ICP-MS
determination of major and trace element concentrations in danburite from three distinct worldwide
distributed occurrences (Tanzania, Vietnam, and Mexico). The aims of this study are (1) to investigate
the geochemical differences of danburites from different locations (Tanzania, Vietnam, and Mexico)
and rock types (pegmatites and skarn), (2) to elucidate their potential for further provenance
discrimination, and (3) to understand the incorporation of trace elements into the danburite structure.

2. Materials and Methods

2.1. Sample Material

For this study, we selected 6 danburite samples from 3 deposits in Mexico, Tanzania, and Vietnam
(2 samples from each deposit), representing different geological environments. The Mexican danburites
were collected from the polymetallic skarn deposit (sulfides of Ag, Pb, Cu, and Zn) in the
Charcas mining district, San Luis Potosi. The area is characterized by marine siliciclastic and volcaniclastic
rocks, with 2 domains (east and west) separated by a regional fault [9]. In the region of San Luis Potosi,
numerous volcanic systems and igneous rocks are associated with different mineral deposits. The Charcas
deposit has a large Ca-B metasomatic envelope composed of early datolite and later danburite.
Other minerals associated with danburite include calcite, apophyllite, stilbite, chalcopyrite, sphalerite,
and citrine. The samples appear as colorless, transparent, prismatic euhedral crystals and are up to 6 cm
in length.

The Tanzanian danburite originates from the central zone of a pegmatite mostly as yellowish,
fine-grained, massive, opaque aggregates, but occasionally also as larger single crystals with color and
transparency. The mine is referred to by the locals as “Munaraima” and is situated in Eastern Tanzania,
at the edge of the Uluguru Mountains [10] near the village of Kivuma. The region around Kivuma
is dominated by a metasedimentary sequence including metapelites, gneisses, and spinel and
ruby-bearing marbles, which underwent granulite facies metamorphism during the East African
Orogen at ~640 Ma [13,14]. Tonalitic dikes and pegmatites, commonly found in this area, intruded the
basement rocks during slow cooling of the whole area. The contact zone of marble and pegmatite
is dominated by a mineral assemblage consisting of microcline (variety amazonite), blue quartz,
kyanite, and dravite, while the core complex is mainly composed of massive quartz and schorl [10].
For this study, small, anhedral, transparent yellow danburite crystals ranging from 0.5 to 1 cm in size
were selected.

The Vietnamese danburite samples (1-1.5 cm) appear as yellow, transparent, broken, and slightly
rounded crystals and have been found in a placer deposit (Bai Cat) in the Luc Yen mining area,
Yen Bai province, Northern Vietnam [7,15]. The geology of Luc Yen is dominated by metamorphic
rocks, mainly granulitic gneisses, mica schists, and marbles, which are associated with the large-scale
Ailao Shan-Red River shear zone. Locally, aplitic and pegmatitic dykes occur [16]. Danburite crystals
are associated with ruby, sapphire, spinel, topaz, and tourmaline in the Bai Cat placer deposit, which is
surrounded by marble units. While the primary formations of ruby, sapphire, and spinel in Luc Yen are
associated with metamorphosed limestones, those of tourmaline and topaz originate from pegmatite
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bodies. Besides tourmaline and topaz, these pegmatites contain orthoclase, smoky quartz, lepidolite,
and beryl. Danburite crystals have not yet been discovered in situ, hence their genetic relationship
with the Luc Yen pegmatites is not verified. However, fluid inclusion studies of Luc Yen danburites
indicate a pegmatitic origin [15].

2.2. Analytical Methods

Chemical data for major elements were obtained by electron microprobe at the
Institute of Geosciences, Johannes Gutenberg University Mainz, by laser ablation-inductively coupled
plasma-mass spectrometry (LA-ICP-MS) at the Max Planck Institute for Chemistry, Mainz, and by
CHNS Elemental Analyzer at Macquarie University.

Electron probe micro-analysis (EPMA) was performed at the University of Mainz with a
JEOL JXA 8200 Superprobe instrument equipped with 5 wavelength-dispersive spectrometers,
using 15 kV acceleration voltage and 12 nA filament current. Calcium and silicon were analyzed with
wollastonite as a standard material.

LA-ICP-MS data for a total of 55 elements were obtained using an NWRFemto femtosecond laser
operating at a wavelength of 200 nm in combination with a ThermoFisher Element2 single-collector
sector-field ICP mass spectrometer (see Table 1). Pre-ablation cleaning was performed using a spot
size of 65 um, 80 pm/s scan speed, and 50 Hz pulse repetition rate at 100% energy output to remove
any superficial surface residue. Thereafter, samples were ablated using line scans of 300 pm length at
a spot size of 55 pm and a scan speed of 5 pm/s. These parameters resulted in an energy density of
ca. 0.51J/cm? at the sample surface, and the pulse repetition rate was set to 50 Hz. Since there is no
matrix-matched calibration material for Ca-B silicates available, we applied a laser device that produces
pulses at 150 fs, enabling virtually matrix-independent calibration [17]. The glass microanalytical
reference material NIST SRM 610 was used as calibration material in the evaluation process, where $BCa
was used as internal standard. Reduction of data and elimination of obvious outliers were performed
following a programmed routine in Microsoft Excel described in Jochum et al. [18].

All samples were additionally analyzed for their H, C, N, and S contents in a vario EL cube
elemental analyzer (Elementar, Langenselbold, Germany). For analysis, 50 to 100 mg samples were
packed in Sn-foils (no flux added) and were ignited in an oxygen—-He gas atmosphere furnace at
around 1150 °C. The produced gases were then trapped and released in a set of chromatographic
columns for the sequential analysis of N (no trapping), then C, H, and S. Each sample was measured
for 9 min, and released gases were sequentially analyzed with a thermal conductivity detector.
Sample measurements were repeated 3 times for each sampling location, and all values were calibrated
against the reference materials BAM-U110, JP-1, and CRPG BE-N (Table 2). Analytical uncertainties
were evaluated from reference material values, which were found to lie within 16% and 25% for C and
H of the data tabulated in the GeoReM database [19].

Table 1. Operating conditions of the femtosecond laser ablation-inductively coupled plasma-mass
spectrometry (fs-LA-ICP-MS) system.

Operating Conditions of NWRFemt0200 Laser System

Wavelength A (nm) 200
Fluence (J-cm~2) 0.51
Pulse length (fs) 150

Pulse repetition rate (Hz) 50
Laser energy output (%) 100
Spot size (um) 55

Line length (um) 300

Scan speed (um-s~1) 5

Warm-up time (s) 28
Dwell time (s) 60
Washout time (s) 30
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Table 1. Cont.

Operating Conditions of the Element2 Mass Spectrometer

RF power (W) 1055

Cooling gas (Ar) flow rate (L-min~") 16
Auxiliary gas (Ar) flow rate (L-min—1) 1.19

Additional gas (He) flow rate (L-min~!) 0.7

Sample gas (Ar) flow rate (L-min~!) 0.7
Sample time (s) 0.002

Samples per peak 100

Mass window (%) 10

Time per pass (s) 2

Scan mode (Escan/Bscan) both

Mass resolution 300

Table 2. Reference materials for CHNS analyzer.

H C N S S
BE-N Altered Basalts (SARM) TCD TCcD TCD TCcD IR
n 14 20 17 21 8

Average (ug-g 1) 2771 + 534 2301 + 147 197 + 42 301 £+ 37 298 + 23
RSD % 19 6 21 12 8

BAM-U110
n 13 18 18 17 -
Average (1g-g~ 1) 12,258 +£ 1758 72,340 + 2640 4237 + 165 9114 + 1082 -
RSD % 14 4 4 12 -
JP-1 Peridotite massif (JGS)
n 4 12 14 14 14
Average (ug-g~!) 3195 £ 170 763 £+ 82 91+ 23 27 +£14 26+7

RSD % 5 11 26 51 27

n denotes the number of measurement performed; average refers to arithmetic means of the n values measured;
RSD % is relative standard deviation expressed in %. “TCD” refers to the thermal conductivity detector and “IR” to
the infrared detector devices.

3. Results

The chemical composition of the danburite samples from Mexico, Tanzania, and Vietnam are
presented in Table 3. The major element mass fractions of B, Ca, and Si are close to the stoichiometric
composition, i.e., 28.32 wt % B,Oj3 (calculated from 87,890 ppm B obtained by ICP-MS), 22.81 wt % CaO,
and 48.88 wt % SiO,, respectively.

The trace elements Li, Sc, Ga, Se, Rb, Zr, Nb, Ag, Cd, Sn, Cs, Hf, Ta, W, Ir, Pt, Au, T1, Bi, and U
have concentrations below the detection limit in all samples (see detection limits in footnote of Table 3).
A Cl-chondrite-normalized plot of rare earth element (REE) mass fractions (normalizing data from [20])
displays a strong enrichment of light rare earth elements (LREEs: La, Ce, Pr, Nd, Sm, Eu) compared to
heavy rare earth elements (HREEs: Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) in danburite from Tanzania and
Vietnam, while the samples from Mexico are mostly below detectability (Figure 1). Europium shows a
negative anomaly of the same order for samples from Tanzania and Vietnam, while no other strong
anomaly is observed (e.g., Ce). Total lanthanide content of Tanzanian samples is up to 1900 pg-g~!,
hence the mass fractions of LREE exceed those of HREE by a 500-fold enrichment. The Vietnamese
samples are different, with a total REE content of around 1000 pg-g~!, hence the mass fractions of
LREE exceed those of HREE by a 200-fold enrichment. The Mexican danburites appear to be REE-poor,
with total REE contents below 1 pg-g~! for La and Ce, while the remaining REEs from Nd to Lu are
below the detection limits. Possible quadrivalent trace elements such as Ti, Hf, and Zr were also
below the detection limits. Thorium and Pb show low mass fractions of 0.1 and 11 ug-g~! in the
Mexican danburites, and 0.6 and 8 ug-g~! in the Vietnamese and Tanzanian danburites, respectively.
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The trivalent element Al shows highly varying concentrations among the different deposits and is
anti-correlated with } REE, thus also with Be (see Figure 2A,B), while no correlation was observed
between Al and Sr (Figure 2C). The highest mass fractions of Al are found in the Mexican samples
(325 p.g~g_1) and the lowest in the Tanzanian samples (84 p.g-g_l) (Table 3). Strontium is highest
(1611 ug-gfl) in the Mexican samples and lowest (66 ug-gfl) in the Vietnamese samples (Figure 2D).
Manganese yields up to 18 ug-g~! in the Vietnamese danburites, while the Mexican and Tanzanian
samples have Mn contents below the detection limits. In general, transition metals (e.g., Fe and Ni)
have extremely low concentrations in all danburite samples. The three danburite origins can also be
separated from each other using the mass fractions of Y (Figure 2E). Beryllium is found to be highest in
the Tanzanian danburite (up to 178 pg-g~!) and lowest in the Mexican samples (3 pug-g~!). In addition,
low concentrations of less than 1,9, and 2 ug-g~! of the elements Ba, Mg, and Cu, respectively, are
identified in all samples regardless of their origin. The positive correlation between Be and } REE is
exceptionally strong for all three deposits (Figure 3A), and due to varying mass fractions of all shown
elements, this plot enables excellent discrimination among the three deposits. Univalent elements such
as Li, Na, and, K fall below the detection limits.
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Figure 1. Rare earth element (REE) mass fractions in danburite from Mexico, Tanzania, and Vietnam.
All values are presented as averages and normalized to C1-chondrite (data from [20]). Samples from

Tanzania and Vietnam have a high abundance of REEs, especially LREEs, while samples from Mexico
are largely devoid of these elements (bdl, below detection limit, from Pr to Lu).

The contents of the light volatile elements H, C, N, and S are generally low for both unpowdered
and powdered samples (see Table 4). Samples from both Tanzania and Mexico exhibit mass
fractions of H, C, N, and S of <10, <200, <100, and <15 ug~g*1, respectively. The samples from
Vietnam show significantly higher mass fractions for H, C, N, and S in unpowdered specimens,
reaching values of up to 300, 5600, 1000, and 15 pg-g~!, respectively. However, most elements are
present in lower concentrations in the powdered sample set (H, C, and N of 40, 3000, and 520 pg- gfl,
respectively). Higher values for powdered samples from Mexico and Tanzania are likely attributed to
the significantly increased surface-to-volume ratio facilitating higher adhesion of atmospheric gases.
Significantly higher values for H and C in all Vietnamese samples agree well with a previous study
by Huong et al. [15], who characterized a high abundance of primary CO,-bearing fluid inclusions
in these samples, which likely accounts for the elevated concentrations of both elements, while fluid
inclusion is not present in the Mexican or Tanzanian specimens. High N mass fractions are in the
expected range of metamorphosed sediments, which are involved in danburite formation and are
known to contain ~200-3000 pg-g~! N for a typical metamorphic gradient of 500-700 °C (e.g., [21]).
Overall lower values of H, C, and N in the powdered Vietnamese sample set support the observation
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that these elements are derived from fluid inclusions and were lost during crushing in the agate mortar.
Nevertheless, powdered samples were still found to contain up to 40 ug-g~! structurally bound H
(equivalent to 0.036 wt % H,O+), which is close to the value of 0.04 wt % H,O+ determined by IR
spectroscopy as published in [4].
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Figure 2. Molar abundance of Al versus (A) }_REE, (B) Be, and (C) Sr, and Sr versus (D) Be and (E)

Y. Aluminum is negatively correlated with (A) REEs, (B) Be, and (D) partly Sr, while Sr correlates
negatively with (D) Be and (E) Y.
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Figure 3. (A) Molar abundance of Be shows a linear correlation with ) "REE and illustrates that
incorporation of REEs in the danburite structure is accompanied by Be. The Be/} REE ratio in
Tanzanian samples is approximately 1.5:1, while it varies in Vietnamese samples from ca. 1:1 to ca.
1.5:1. Correlations between Be and Y_REE are ideally suited to distinguish danburite sampling locations.
However, the simple substitution equation Ca2* + B* = REE®* + Be?*, where the Be/Y _REE ratio is 1:1,
is not sufficient to explain the varying ratios of Be and }_REE. (B) Molar abundance of Be and Ce shows a
linear correlation, implying that incorporation of Ce into the danburite structure is accompanied by Be.
The Be/Ce ratio in Tanzanian samples is approx. 3:1, while in Viethamese samples it varies from ca. 2:1
to ca. 3:1. The equation 2 Ca?* + 3 B3 = Ce** + REE3* + 3 Be?*, where the Be/Ce ratio is 3:1, explains the
Tanzanian and most of the Vietnamese cases very well. Therefore, we argue here that Ce occurs not
only as Ce3*, but also as Ce** in Tanzanian and Vietnamese danburite and the substitution mechanism
2 Ca%* +3 B> = Ce** + REE®* + 3 Be?" takes places in these samples. (C) Be/(_REE — Ce) ratios show
similar behavior to Be/Ce ratios. As the Be/(3_REE — Ce) ratios vary from 2:1 to 3:1, both substitution
mechanisms should take place: Ca?* + B> = REE3* + Be?*, 2 Ca2* + 3 B> = Ce** + REE®* + 3 Be?+.
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Table 4. Light volatile elements in unpowdered and powdered danburite samples provided as ug-g~;
calculated HyO+ values are given in wt %.

Unpowdered Samples Powdered Samples
Sample Location
eq. H;O+ eq. H,O+
T c N s " %) c N s
Mexico <10 <0.01 200 £5 50 £ 10 13+£1 31+10 0.028 130 £50 230 + 130 25+7
Tanzania <10 <0.01 120 + 40 100 + 50 841 14+1 0.012 70 + 40 100 + 50 2243
Vietnam 300 £ 50 0.244 5600 +20 1000 + 10 15+3 40 +£10 0.036 3000 40 520 +20 19+11

4. Discussion

4.1. Substitution Mechanisms of REEs, Be, and Sr in Danburite Structure

Referring to the similarity in ionic size and charge, eightfold-coordinated Ca?* (1.12 A) can be
replaced to a certain extent by Sr?* (1.26 A). This substitution commonly takes place in danburite
from all deposits and is mostly observed in the Mexican samples, where the concentration of Sr
reaches 1611 ug-g~!, followed by the Tanzanian and Vietnamese samples, with Sr concentrations up to
387 ug-g~ ! and 66 pg-g !, respectively (Table 3).

Ca* = 5r2* 1)

Another substitution in danburite is the replacement of Ca>* by REE** (here we presume that
all REEs are trivalent, with the exception of Ce, which can be quadrivalent under strongly oxidizing
conditions). It is obvious that danburite from all deposits prefer to incorporate LREE over HREE by
a 200- to 500-fold enrichment. The REE** have decreasing radii with respect to increasing atomic
number, i.e., from La (1.16 A) to Ce (1.15 A) to Lu (0.98 A). Moreover, LREE radii are more compatible
with the eightfold-coordinated Ca®* lattice site. This explains why LREEs, especially La and Ce,
are preferentially incorporated in the danburite lattice. The negative Eu anomaly observed in the
Vietnamese and Tanzanian danburite is in accordance with a general depletion of Eu in highly oxidized
magma, such as granites and pegmatites [22].

The substitution of Ca?* by a REE3* requires charge compensation and is therefore coupled with
the substitution of B3* (0.11 A) by Be?* (0.27 A) and/or Si** (0.26 A) by AI%* (0.39 A). These coupled
substitutions theoretically allow all sites to be filled and charges to be balanced accordingly:

Ca®* + B> = REE® + Be?* )

Ca?* + Gi** = REE>* + AI%* 3)

An omission-style substitution of CaZ* by a trivalent REE®* is also suitable to gain charge balance:
3Ca%" = 2REE®*" + O (vacancy) 4)

However, the positive correlation of molar abundance of REE and Be suggests that Equation (2) is
the dominating process of REE incorporation into the danburite lattice (Figure 3A). The remaining
substitution Equations (3) and (4) are theoretically possible, but are not supported by the datasets,
which show, e.g., a negatively correlated relationship of Al with )} REE (Figure 2A). In the Vietnamese
samples, the Be/REE ratio is at an approximate 1:1 trend. In the Tanzanian samples, all the values
are approximately equal to 1.5:1 (Figure 3A). A Be/REE ratio that is equal to or higher than 1:1
indicates that REEs are fully coupled with Be; subsequently, the two other forms of substitution,
Ca®* + Si** = REE3* + AIP* (3) and 3Ca®* = 2REE?* + [J (4), are subordinate mechanisms. However,
Equation (2) implies a Be/REE ratio equal to 1:1, rather than the 1.5:1 ratio measured in the
Tanzanian samples. Hence, the excessive molar abundance of Be over REE in the Tanzanian samples
needs to be explained by another substitution process with different ratios for Be and REEs or by
an REE-independent substitution mechanism. This first hypothesis leads to the suggestion that
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Ce occurs not only as Ce®*, but also Ce** in the samples (with ionic sizes of 1.15 A and 0.97 A,
respectively). The existence of Ce*" in geological materials has been observed in various studies [23-26].
Hence, we extend substitution mechanism (2) to account for the probable presence of quadrivalent Ce:

2Ca®" + 3B>* = Ce** + REE® + 3Be?* (5)

Equation (5) is an example of a substitution mechanism where the ratio of )} REEs
(all REE* and Ce*") to Be is equal to 3:2 (or 1.5:1). According to Equation (5), the ratios
Be/Ce and Be/(}REEs — Ce) are both 3:1. Our chemical data (Figure 3B,C) show that the
Be/Ce and Be/(y_REEs — Ce) ratios in the Tanzanian samples are approximately 3:1 and 1.5:1.
Therefore, we assume that mechanisms (2) and (5) take place predominantly in the Vietnamese
and Tanzanian samples, respectively, with Ce likely present as Ce>* and Ce**, respectively. This might
suggest that REE uptake into Tanzanian danburite occurs at elevated oxygen fugacity compared to
Mexican and Vietnamese danburite.

4.2. Substitution Mechanisms Involving OH and Al in the Danburite Lattice

The presence of Be may also be the result of a REE-independent substitution of B3 by Be?*
coupled with the substitution of O~ by OH:

B3 + O~ =Be? + OH™ (6)

The presence of OH™ species in the danburite lattice was indicated in [4,7] by means of FTIR
spectroscopy. The bridging oxygen O5 in the B,O7 group is an ideal candidate for partial OH™~
replacement, which allows the presence of low amounts of OH™ in danburite. However, a coupled
incorporation of Be?* and OH~ was not observed in our study (Figure 4A). Beran [4] proposed a
coupled 1:1 substitution of Si** and O?>~ by AI** and OH™ to charge balance OH incorporation.
However, a direct substitution (1:1) was not confirmed by either dataset in the present study.
Instead, we observed a positive correlation of AI** with OH~ (Figure 4B) in a 1:3 ratio, which suggests
a coupled incorporation of AI** and OH~, substituting for B3* and O?~, respectively:

2B** + 307~ = AI** + 30H™ + [ (vacancy) @)

Regarding the possibility of Al incorporation into danburite, it should be noted that the
geochemical behavior of B3* and AIP* is very similar; however, they differ in radius size, with 0.11 A for
B3+ and 0.39 A for AI>* when in a tetrahedral coordination environment. Hence, a simple substitution
mechanism such as B** = AI** would not be possible. Although a substitution of AI** with B
has been observed in the system albite NaAlSizOg - NaBSizOg reedmergnerite [27], as well as in a
synthetic phlogopite KMg3(BSi3)O19(OH), [28], this process seems not to be valid for the danburite
datasets (Figure 4A,B). Substitution mechanism (7) explains the Mexican samples as well, where the Al
concentration is high and both REE and Be concentrations are low.

In general, the four main substitution mechanisms discussed above take place with different
priority in the three studied locations. The substitutions of Ca?* by Sr?* and 2B by AI’* are
more common in the Mexican samples, while the substitutions of Ca?* by REEs in the forms
Ca?" + B% = REE®* + Be?* and 2Ca?* + 3B% = Ce** + REE3* + 3Be?* are more common in the
Vietnamese and Tanzanian samples, respectively.
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Figure 4. (A) Beryllium and OH correlate negatively, which suggests that incorporation into the
danburite structure is not coupled. (B) However, Al shows a positive correlation with OH at a 1:3 ratio
for all sampling locations, making a coupled incorporation of Al with OH likely.

4.3. Constraints on the Geochemical Formation Environment of Danburite

Since danburite samples from Tanzania and Vietnam show a similar strong enrichment in LREE,
the reported low values in the Mexican samples must therefore mean either a deficit of REE in
the source material or REEs were already sequestered in datolite, which co-occurs with Mexican
danburite. However, the depletion of REEs in the Mexican samples is accompanied by exceedingly
high amounts of Sr (ca. 1000 pg-g~! on average), which is an independent indicator of a different source
composition with a higher component of biogenic calcareous sediments in the source material of this
location. Biogenic limestone is known to contain high Sr values by being virtually free of REE [29,30].
In comparison, samples from Vietnam and Tanzania exhibit high REE, Y, and Be coupled with low Sr,
thereby representing a composition that results from the involvement of highly differentiated late-stage
silicic magmas (i.e., pegmatites). This is in agreement with the observed negative Eu anomalies in
these samples, which are characteristic for late magmas, where the depletion in Eu is driven by
fractional crystallization of plagioclase, which is commonly found to incorporate high amounts of
Eu?* [22]. This is in agreement with the nature of the outcrop and mineral assemblage in which
the danburite was found. The high compatibility of LREE in the danburite lattice must therefore
only be limited by the availability from the source material (i.e., highest in Tanzanian and lowest in
Mexican samples). High contents of REE are in accordance with the significantly low amounts of
N in the Tanzanian samples, due to the incompatibility of N in highly fractionated magmatic rocks,
indicating a strong pegmatite component in the Tanzanian samples. Charge compensation and a
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Be/Y_REEs ratio of 1.5:1 indicate the presence of Ce** (Equation (5)), additionally supporting a highly
oxidized pegmatitic source for the Tanzanian samples. Nitrogen mass fractions generally increase with
decreasing temperature and increasing involvement of metamorphic rocks (e.g., [21]), which suggests
that the Vietnamese and Mexican samples were either formed at greater distance from the pegmatite
or sourced from a higher proportion of recycled metamorphic rocks. Hence, we conclude that even
though danburite always forms in a transition zone of metacarbonates and pegmatites, there are
significant geochemical differences, i.e., }_REE, Be, Sr, Al, and OH in danburite, that directly reflect the
different proportions and compositions of these source materials. Thus, our results suggest that trace
element concentrations are suitable for determining the origins and locations of danburite crystals
(i.e., for gem-testing laboratories).

5. Conclusions

In this study, we investigated trace element variations of danburite from three different locations
in Mexico, Tanzania, and Vietnam. The most important trace elements in danburite that reflect their
provenance include REEs, Sr, Al, Be, and, to a lesser extent, Mn, Zn, and Y. Mexican samples are
fairly devoid of REEs, while Tanzanian samples contain up to 1900 pg-g~! and Vietnamese samples
have intermediate total values of around 1100 pg-g~!'. LREEs are more abundant than HREEs in
all danburite samples, showing a 200- to 500-fold relative enrichment. Strontium and Al are more
enriched in Mexican danburite than in Tanzanian and Vietnamese danburite, with mass fractions up to
1611 and 325 ug-g !, respectively.

Based on fs-LA-ICP-MS and CHNS analysis, we identified four mechanisms of trace element
substitution in danburite: Two replacements of Ca?* by Sr?* (Ca®* = Sr?*) and of B>* by AI**, which are
coupled with an incorporation of OH™ for O%>~: 2B%* + 30?2~ = AI>* + 3 OH~ + [J, are dominant in
the Mexican samples. The incorporation of REE>* for Ca?* coupled with a simultaneous replacement
of B3 by Be?* is present in the Vietnamese and Tanzanian samples. Different valance states of
Ce are present in the Vietnamese and Tanzanian samples, leading to two different substitutions:
Ca?* + B3 = REE®* + Be?" and 2Ca2* + 3B%* = Ce** + REE®* + 3Be?", respectively.

The observed significant differences in trace element abundance not only suggest a high potential
for provenance discrimination, but also provide information on the contrasting source compositions of
the three deposits. The formation of danburite generally involves both metacarbonates and pegmatites
as source materials. Different proportions of these two source components were involved in the
formation of danburite at the three locations, and likely explain the observed trace element variations.
Low REE and Be coupled with high Sr, Al, N, and OH in the Mexican samples indicate a dominant
biogenic metacarbonate component, while the Vietnamese and Tanzanian samples show high REE and
Be coupled with low Sr, Al, N, and OH, characteristic of a predominantly pegmatitic source. The 200-
to 500-fold enrichment of LREE over HREE in the Tanzanian and Vietnamese samples results from the
preferential replacement of Ca ions by similarly sized LREE ions. The negative Eu anomaly, which is
characteristic of highly fractionated igneous rocks, is characteristic of Vietnamese and Tanzanian
danburite and supports the predominance of the pegmatitic source at these locations.
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Abstract: In the early 2000s, an exceptional discovery of gem-quality multi-coloured tourmalines,
hosted in Litium-Cesium-Tantalum (LCT) pegmatites, was made in the Adamello Massif, Italy.
Gem-quality tourmalines had never been found before in the Alps, and this new pegmatitic deposit
is of particular interest and worthy of a detailed characterization. We studied a suite of faceted
samples by classical gemmological methods, and fragments were studied with Synchrotron X-ray
computed micro-tomography, which evidenced the occurrence of inclusions, cracks and voids.
Electron Microprobe combined with Laser Ablation analyses were performed to determine major,
minor and trace element contents. Selected samples were analysed by single crystal X-ray diffraction
method. The specimens range in colour from colourless to yellow, pink, orange, light blue, green,
amber, brownish-pink, purple and black. Chemically, the tourmalines range from fluor-elbaite to
fluor-liddicoatite and rossmanite: these chemical changes occur in the same sample and affect
the colour. Rare Earth Elements (REE) vary from 30 to 130 ppm with steep Light Rare Earth
Elemts (LREE)-enriched patterns and a negative Eu-anomaly. Structural data confirmed the elbaitic
composition and showed that high manganese content may induce the local static disorder at
the O(1) anion site, coordinating the Y cation sites occupied, on average, by Li, Al and Mn?*
in equal proportions, confirming previous findings. In addition to the gemmological value, the
crystal-chemical studies of tourmalines are unanimously considered to be a sensitive recorder of
the geological processes leading to their formation, and therefore, this study may contribute to
understanding the evolution of the pegmatites related to the intrusion of the Adamello pluton.

Keywords: granitic pegmatite; gem-quality tourmaline; Adamello Massif; Central Alps; Italy

1. Introduction

“Tourmaline” is considered one of the most beautiful gemstones, because it occurs in a large
spectrum of colours, as well as in multi-coloured crystals [1]. In Italy, gem-quality tourmaline is
known to be from the historic locality, at present rather exhausted, of Elba Island (Tyrrhenian sea),
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from which it derived the root-name elbaite, given to Li-bearing and sodium-rich tourmalines of the
alkali group [2]. For a very long time, Elba Island has remained the only known locality providing
gem-quality tourmaline crystals in Italy. Nevertheless, since 2001, an additional significant locality
has been discovered and described in the Italian Alps, which is the Adamé valley, along the western
border of the late Alpine Adamello tonalite massif, in the central Southern Alps [3].

In the Adamé valley, gem-quality tourmaline occurs in multi-coloured elongated crystals up to
7 cm in length in the miarolitic cavities of LCT pegmatite (i.e., a pegmatite with prevailing minerals
of lithium, caesium and tantalum) hosted in contact with metamorphic sandstones, belonging to
a Permian-Mesozoic sedimentary sequence. The locality is included in the Adamello Park natural
reservation. The miarolitic pegmatite has been found on the steep slope of Forcel Rosso pass, disrupted
in large blocks in an ancient landslide, at an altitude of about 2600 m. Tourmaline group minerals
occur together with albite, smoky quartz, K-feldspar, mica (lepidolite—-muscovite) and other accessory
minerals such as fluorapatite, fluorite, and several Nb-Ta-Sb oxides, all very interesting from a scientific
and collector point of view. In consideration of the significant potential of the pegmatite for mineral
production, the locality underwent, under strict protection, an official detailed field investigation
for scientific purposes, with the supervision of one of the authors (F.P.). The first results [3] show
that the tourmaline crystals have a zoned composition, mostly characterized by fluor-elbaite, with
fluor-liddicoatite developing at the antilogous pole of the crystals. Colours range from colourless to
yellow, pink, orange, light blue, green, amber, brownish-pink, purple and black (Figure 1). Gem-quality
tourmalines are present as sectors of larger crystals, and rough fragments can reach a maximum weight
of2-3 g.

Figure 1. Crystals of pink (3.5 cm long) and green (5 cm long) tourmalines from Valle Adamé, Adamello
Massif. Natural History Museum of Milan collection. Photos by R. Appiani.

The collected materials are preserved in the mineralogical collections of the Museum of Natural
History of Milan and at the Museum of the Adamello Natural Park. These gem tourmalines have not
entered the market, because the deposit is located within the protected areas of the Adamello Natural
Park and collecting is allowed only for scientific purposes. At present, only a few gems have been
faceted (Figure 2).
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Figure 2. Cut tourmalines analysed in this study. (a) 3.97 x 8.31 x 2.61 mm; (b) 4.73 x 6.58 x 3.35 mm;

(c) 4.61 x 6.36 x 3.26 mm, (d) 5.72 x 7.16 x 4.03 mm, corresponding to samples 13, 14, 15 and 16
described below in Table 1. Photos by M. Chinellato and F. Picciani.

As mentioned above, tourmaline represents one of the most beautiful gemstones and may be
characterized through multi-methodological methods including non-invasive and non-destructive
techniques, such as Fourier Transform Infrared Spectroscopy and Raman Spectroscopy, when a
conservative treatment of sample is required ([4] and references therein). Many studies recognize a
significant petrological interest of this mineral, as it can contribute to the reconstruction of the evolution
of the history of a crystalline basement, e.g., [5].

In view of this, and considering that the Adamello Massif is one of the most geologically studied
portions of the Alpine chain, our study aims to provide a complete mineralogical characterization of
these recently discovered gem tourmalines, as well as an interesting contribution to the knowledge of
local pegmatite mineralization. We investigated a suite of cut and rough samples selected from the
mineralogical collections of the Natural History Museum of Milan, through gemmological analyses,
electron microprobe chemical analyses (EPMA) and laser ablation-inductively coupled plasma—mass
spectrometry (LA-ICP-MS). The unit cell parameters and refinement of crystal structure of three
selected tourmalines were carried out by the single-crystal X-ray diffraction method. Selected rough
samples have also been examined by means of synchrotron X-ray computed micro-tomography
(X-uCT), which made it possible to obtain a 3D visualisation of the inner objects (pore, inclusions, etc.)
within a volume [6,7]. This technique does not require any sample preparation and makes it possible to
overcome the problem of deriving the 3D results from the traditional 2D data obtained by traditional
imaging techniques such as optical and scanning electron microscopy. In the present study, a fully
characterisation of inclusions in terms of size, shape and orientation was performed.

2. Background Information

Tourmaline is a ring-silicate crystallizing in the acentric 3m point group (ditrigonal pyramidal)
with the R3m space group and a general formula of XY3Z4T¢O18(BO3)3V3W [8]. The unit cell consists
of a six-fold ring of tetrahedra (T sites, occupied primarily by Si) on top of a concentric arrangement
of three Y-site and six Z-site octahedra. The X site is nine-coordinated and situated centred over of
the six-fold ring and can be occupied by Na*, Ca?*, K* cations or be vacant. The Y and Z sites may
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contain a large variety of cations such as Mg2+, FeZ*, Fe3*, Li*, AIP*, Min?*, Cu?*t, Ti**, Cr3*, V3*and
A¥*, Mg?*, Fe?*, Fe3*, Cr3*, V3*, respectively. Three planar triangular boron-centred polyhedra (BOs3)
are further present, which are roughly coplanar with the groups of octahedra in the unit cell, and
roughly perpendicular to the ¢ axis. The V and W sites are anion sites that are occupied by OH™
or O?~ (or both) at the V site, and OH~, F~, or O?>~ at the W site. The Cl contents are generally
negligible. Given the range of elements and heterovalent substitutions that can be accommodated by
the tourmaline structure, the high number of different end-member compositions constitute a super
group consisting of quite a large number of species, as approved by the International Mineralogical
Association’s Commission on New Minerals, Nomenclature and Classification [2,9-11].

3. Geological Setting

The Tertiary Adamello batholith outcrops over an area of ca. 670 km? in the Central Southern
Alps (Northern Italy) (CNR, Italian Geological Map Adamello-Presanella, 1:50,000). It consists of four
composite plutons decreasing in age from south (ca. 42 Ma) to north (ca. 31 Ma) and is composed
mainly of granitoid rocks (granodiorite, tonalite, quartz diorite) with minor amounts of diorite and
gabbro [12-14]. The plutons intrude into the South-Alpine crystalline basement and its Permo-Mesozoic
sedimentary cover (Figure 3). The studied tourmaline crystals were collected in pegmatite dykes
occurring in the thermo-metamorphic contact aureole between the igneous rocks and the surrounding
sediments, at the northern slope of the Foppa mountain (2752 m) in a gully of Forcel Rosso (or “Vallone
del Forcel Rosso”).
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Figure 3. Geological sketch map of the Adamello pluton and a view of the area of Forcel Rosso. Photo
by F. Pezzotta. The stars indicate the location of the studied pegmatite dikes.
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The pegmatites are sub-horizontal and hosted in meta-sandstones enriched in accessory
tourmaline. The larger veins are up to approximately 1.5 m in thickness, and some tens of meters long.
Despite their relatively small size, these pegmatites display a quite strong asymmetric zoning with a
layered lower unit composed by fine to medium grain size assemblage of feldspars and quartz, with
accessory muscovitic mica, schorl and spessartine, and an upper coarse-grained unit composed of
an assemblage of quartz and feldspars, rich in schorl and muscovitic mica, occasionally displaying
cores with milky white quartz masses, lepidolite overgrowth at the rim of muscovite blades, granular
lepidolite masses and multi-coloured tourmalines. Miarolitic cavities are not common, but they can be
locally abundant, with a diameter achieving several decimetres in length, at the coarse-grained cores
of the veins.

Accessory minerals in cavities include pink to green fluor-apatite, purple and pale green fluorite,
late-stage calcite, several pyrochlore group minerals and various Ta-Nb oxides [3].

4. Materials and Methods

Sixteen samples of tourmaline from different miarolitic cavities were selected for this study, and
they are described in Table 1.

Table 1. Description of the studied tourmalines.

Cavity . .
Sample Name/Description * Colour Analytical Techniques
1 Cavity 1 Pink EleCtl;OVz]‘];‘Sl)C (rf)p robe Single crystal XRD (°)
2 Cavity boulder 2 Light blue Ele“"r(owngns‘)c(‘f)? robe Single crystal XRD (°)
3 Pizio cavit Colourless to Electron microprobe
Y brown (WDS) (°)
4: sample cut perpendicular . . ) Electron microprobe
to the c-axis Pizio cavity Pink green (WDS) (°)
5 Cavity 3 Light green yellow Electron microprobe
y ght g y (WDS) (°)
. Yellow to Electron microprobe
6 Cavity 4 colourless (WDS) (°)
. Synchrotron X-ray
7 Cavity 5 computed p-tomography
. Synchrotron X-ray
8 Cavity 6 computed p-tomography
9 “Black quartz” cavity Pink green Electr((‘)/zl\lgnsl)c :’S)P robe
10: double . Electron microprobe
terminated sample Inv.# M36742 cavity Browm green (WDS) (°)
11: homologous . Electron microprobe
terminated sample Inv.# M36742 cavity Green to colourless (WDS) (°)
12: sample cut N Electron microprobe . o
perpendicular to the c-axis Inv.# M36742 cavity Blue (WDS) (%) Single crystal XRD (°)
13 Cut stone (0.731 ¢t Green brown Specific gravity Refractive index
from pocket
14 Cut stone (0848 ct) Green brown Specific gravity Refractive index
from pocket
15 Cut stone (0838 ct) Green brown Specific gravity Refractive index
from pocket
16 Cut stone (1225 ct) Pale green Specific gravity Refractive index

from pocket

* Cavity numbers refer to the unpublished field note-book made during the collecting campaigns performed by
the Natural History Museum of Milan in 2001 and 2002. The reported inventory numbers are the ones given to
specimens catalogued in the Mineralogical Collections of the Natural History Museum of Milan. © Wavelength
Dispersive Spectroscopy (WDS); X-ray Diffractometry (XRD).
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Four faceted samples (13-16) were examined by standard gemmological methods at the Italian
Gemmological Institute in Milan in order to determine their refractive index, hydrostatic specific
gravity and microscopic features. The refractive indices were measured with a Kriiss refractometer
(A. Kriiss Optronic, Hamburg, Germany) using ordinary light source with a sodium filter (589 nm) and
a methylene iodide as a contact liquid (1 = 1.80). A Mettler hydrostatic balance was used to determine
the specific gravity in bi-distilled water.

Two grains (7 and 8) were used for synchrotron X-ray computed micro-tomography. The samples,
with a size of about 1.5 mm, were imaged at the SYRMEP beamline of ELETTRA synchrotron facility
(Trieste, Italy). The computer micro-tomography experiments were performed using a polychromatic
X-ray beam (white beam mode. With this configuration, the outcome beam from the storage ring
was intercepted before the monochromator and pre-filtered with 1.5 mm of Si and 1.0 mm of AL
A water-cooled, 16 bit, 2028 x 2048 pixel microscope Charge-Coupled Device (CCD) camera, coupled
with a 100 micron thick LuAG scintillator screen was used as detector. The mean energy was set to
28 keV. Pixel size was set at 2 um/pixel, yielding a field of view of 5 x 5 mm.

The software suite Syrmep Tomo Project (STP) [15,16] was used to reconstruct two-dimensional
axial slices from the sample projections, applying the filtered back projection algorithm [17,18].
Before image reconstruction, a single-distance phase retrieval algorithm was applied to the projection
images [19] using the STP software and setting the §/p ratio to 15 (see [15,16] for details about the
phase retrieval process).

Ten of the selected fragments, 1-6 and 9-12, were embedded in epoxy resin, polished and prepared
for EMPA and LA-ICP-MS analysis. Optical images of the samples were performed in advance using a
stereo microscope Leica M205 C in reflected light. The backscattered electron images and quantitative
chemical analyses of major and minor elements were obtained with the JEOL JXA-8200 electron
microprobe in wavelength dispersion mode (EMPA-WDS) at the laboratory of the Department of Earth
Sciences of the University of Milan under the following conditions: 15 kV accelerating voltage, 5 nA
beam current, and a count time of 60 s on peak and 30 s on the background, with a 1 pm diameter beam.
The Ko wavelengths and natural standards of pure metals were used for calibration: F (hornblende),
Ti (ilmenite), Mn and Zn (thodonite), K (K-feldspar), Na (omphacite), Fe (fayalite), Ca, Si and Al
(grossular), Mg (olivine), Cr and V (pure elements). The raw data were corrected for matrix effects
using a conventional ®pZ routine in the JEOL software package. Both Fe and Mn were calculated as
Fe?* and Mn?*. The structural formula was calculated on the basis of 31 anions (O, OH and F), and
Li;O, B,O3 and H,O were calculated based on the assumed elbaite stoichiometry.

Rare earth and selected trace elements were determined by laser ablation—-inductively coupled
plasma—mass spectroscopy (LA-ICP-MS) at the IGG-CNR Laboratory of Pavia. The instrument
consisted of a Quantel Brilliant 213 nm Nd:YAG laser (New Wave Research) coupled to a Perkin
Elmer DRCe quadrupole ICPMS. The spot size was 55 um, using NIST SRM 610 glass as an external
standard and Si as an internal standard, as analysed by microprobe. Precision and accuracy estimated
on the basaltic glass standard BCR2 and NIST612 were better than 10%.

Three fragments (~500 um) from samples 1, 2, and 12 were cut for single crystal X-ray diffraction
measurements. Data were collected with an Xcalibur-Oxford Diffraction diffractometer (Oxford
Diffraction Ltd., Abingdon, UK) equipped with a CCD, using graphite-monochromatized MoK«
radiation and operated at 50 kV and 30 mA. To maximize the reciprocal space coverage, a combination
of w and ¢ scans was used, with a step size of 1° and an exposure time per frame of 3-5 s. Intensity
data were then integrated and corrected for Lorentz polarization effects, using the computer program
CrysAlis [20]. An empirical absorption correction was applied using CrysAlis [20]. The structure was
refined using SHELX-97 [21]. Scattering curves for neutral chemical species were used at all sites.
No peaks larger than 0.9 e~ /A3 were present in the final difference—the Fourier maps of the electron
density and residual maxima and minima were equally balanced. The final agreement index (R;) was
0.016-0.018/0.017-0.019 (obs/all) for 97 refined parameters.
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5. Results

5.1. Gemmological Properties and 3D Visualisation of the Tourmaline Inclusions

From a gemmological point of view, the four faceted tourmalines are all transparent, with a colour
ranging from green to brown (Figure 2). The specific gravity results from 3.09 to 3.13 g/cm3, which is
typical of elbaitic tourmaline [22]. The optic character is uniaxial negative, and the refractive indices
are 1, = 1.640 and 1, = 1.620 with a birefringence of 0.020, which is in agreement with the values of
elbaite [22]. The samples show a strong dichroism, in the green and brown hues, and they are all inert
to ultraviolet radiation. Microscopic observations revealed that the samples contain a few inclusions,
typically fluid inclusions, often with a fringed aspect, also called “thrichites” in gemology [23].

More details were provided by the 3D visualisation, which made it possible to display internal
features and to quantify the porosity, cracks and voids of fragments from the prismatic portion of
samples 7 and 8.

The volume rendering of the tourmaline sample is reported in Figure 4a, whereas the cross
sectional slices, displaying the general appearance of the microstructural features in the grains, are
highlighted in Figure 4b,c. In particular, the reconstructed 3D images show that tourmalines are
characterised by pores and cracks, the detail of whose volume rendering is displayed in Figure 4d.

Figure 4. Synchrotron X-ray computed micro-tomography of tourmaline 7: (a) volume rendering of the
sample; (b) reconstructed axial slice; (c) the cross section of the stack of reconstructed slices; (d) volume
rendering of pores and cracks, a detail.

The total measured porosity accounts for about 0.9 vol.% and is given as the sum of the
voids/pores (0.1 vol.%) and cracks (0.8 vol.%), respectively. Please note that the distinction between
voids and cracks, which are characterised by the same grey scale values, was performed by considering
some morphological features as described in [24]. In particular, the voids appear as spherical bubbles
with a small surface/volume ratio (normalized to a sphere) and a low aspect ratio as well. On the
contrary, cracks show a medium to medium-high surface/volume ratio, together with high values of
aspect ratio.

The rendering pointed out that the voids appear spherical in shape, with an equivalent diameter
ranging from 10 to 15 um. Morphometric data showed that they are homogeneously distributed within
the entire volume and are mostly isolated without any preferred orientation.

Tourmaline crystals show a predominance of crack spacing from the centre to the outer part of
the crystals, with a non-homogenous spatial distribution and a heterogeneous size ranging from 20 to
200 um. The fractures are mostly flat with a regular surface and appear oriented preferentially parallel
to the z-axis. Finally, the results of the skeleton analysis pointed out that the crack connectivity is null,
because they lack a connected network.
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5.2. Chemical Composition

Electron microprobe analyses (EMPA) and backscattered electron (BKSE) images were performed
to chemically characterize 10 of the selected samples. Analytical profiles from core to rim or from rim
to rim were carried out with step width depending on the crystal size. LA-ICP-MS analyses were
performed on the same samples in the areas previously analysed by EMPA-WDS.

The values of Li,O measured by LA-ICP-MS indicated that tourmalines contain an average of 1.8 wt %
of LipO (ranging from 0.7 to 2.7 wt %), and the result is comparable to that calculated by stoichiometry
from the results of the electron microprobe analyses. The studied tourmaline samples exhibit extremely
convoluted chemical zoning and are very similar in composition, all classifiable as Li-bearing tourmalines:
elbaite (Na(L1] _5,Al]'5)Alﬁ(BO3)3Si6O]8(OH)4), rossmanite (‘Y(LlAlz)Alé(BOg)gSlﬁO]g(OH)4), fluor-elbaite
(Na(Lil'5,A11‘5)Alé(BOg)SSiéOlg(OH)gF) and fluor-liddicoatite (Ca(LiAlz)Alé (B03)3516018(OH)3F).
Minor foitite (YFeZ*, Al)Als(BO3) 3SigO13(OH)y), a rare tourmaline iron rich in Y-site and with more
than 50% vacant X-sites [25], was also found.

The complete set of chemical analyses is graphically plotted in the ternary diagram of X-site
composition (Figure 5).

X-site
vacancy

0

sample 1
sample 2
sample 3
sample 4
sample 5
sample 6
sample 9
sample 10
sample 11
sample 12

Rossmanite

cOe@eee00@O0e@O0

Figure 5. Ternary diagram of X-site composition of all analysed tourmalines.

Most analyses fall in the elbaite/fluor-elbaite field, although a few correspond to rossmanite
(samples 1, 4, 10, 11) and fluor-liddicoatite (samples 6, 10). Foitite was found at the analogous pole of
the crystals of tourmalines 10, 11 and as fibrous overgrowth on sample 9b. The foitite analyses are
not reported in the diagram where they would fall in the rossmanite field due to their >50% vacant in
X-site [25].

Selected electron microprobe analyses are reported in Table 2.
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Colour changes are generally controlled by a combination of concentration and oxidation states of
chromophore elements such as Ti, V, Fe and Mn [26]: in samples 3, 10 and 11, a higher content of iron
is detected in the portion typically brown-black. Sample 10 (Figure 6a,b) is the only one including the
analogous and antilogous pole and shows compositional variations with changes in Mn, Fe (Figure 6¢)
and Ca. This last displays the highest values in the central part of the crystal (Figure 6d). Titanium
ranges from 0 to 0.04 a.p.f.u., whereas V and Cr are very low or below the detection limit. Rossmanite
is present both at the analogous and antilogous poles (Figure 6b).

Antilogous pole
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Figure 6. Optical microscope (a), BKSE (b) images, (c) variation of Fe vs. Mn and (d) an example of
zoning patterns of different elements of sample 10. The points in BKSE images correspond to the points
reported in Table 2.

Sample 3 (Figure 7a), along the c-axis, shows a colourless (a) and a brown (b) zone with an iron
content of up to 0.106 and up to 0.762 a.p.f.u., respectively. Sample 6 shows an elbaite composition
with a decrease of Mn and Na together with an increase of Ca from light yellow to near colourless
zones where a fluor-liddicoatite composition is identified (Figure 7b,c). Ti and Fe are very low, and
therefore manganese content seems to be mainly responsible of the colour changes.

Samples 2 and 12 have a homogeneous composition with the higher content of Mn that may
induce the deep blue colour (up to 0.548 and 0.443 a.p.f.u., respectively).
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Figure 7. Optical microscope image of sample 3 (a) and sample 6 (b); zoning patterns of different
elements of sample 6 (c).

The pink tourmaline (sample 1, Figure 8a) is nearly devoid of iron and presents the lowest Mn
content with two different compositional zones: one with higher Ca + Mn (on average, 0.27 a.p.f.u.,
i.e., pts 4 and 8), the second one with lower Ca + Mn (on average, 0.12 a.p.f.u.), Mn < 0.04 a.p.f.u. and
higher mole fraction of rossmanite (i.e., pts 6 and 9). Lighter-coloured areas included in rossmanite
resulted in being muscovite (Figure 8b).

Figure 8. Optical microscope (a) and BKSE (b) images of sample 1. The points in BKSE image
correspond to the points reported in Table 2. Points 6 and 9 correspond to rossmannite.

Sample 4 (Figure 9a) occurs in the same geode of sample 3 and has been cut perpendicular to
the c-axis. The slice reveals a complex growth history characterized by a central part, pink in colour,
depleted in Mn and Fe, but enriched in Ca with respect to the green rim, with a composition ranging
from fluor-liddicoatite-rich elbaite to elbaite. The lighter-coloured zone at the bottom of the sample
(Figure 9b, e.g., point 33, analysis 33 in Table 2) presents an enrichment in Fe>* with respect to Mn?*

(Figure 9c). In Figure 9d, an example of the variation from rim to rim of these elements, including Ti,
Ca and Na, is shown.
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Figure 9. Optical microscope (a) and BKSE (b) images, (c) variation of Fe vs. Mn and (d) an example of
zoning patterns of different elements of sample 4. The points in BKSE image correspond to the points

reported in Table 2.

Sample 9 (Figure 10a,b) comes from a geode containing black quartz, zircon and uraninite and
displays a change from pink (sample 9a) to green colour (sample 9b) that seems to be due to manganese,
iron and titanium enrichment. In sample 9b, a thin overgrowth with foitite composition (see Figure 10c

and Table 2) is present.

a

Figure 10. Optical microscope images of sample 9a (a), 9b (b) and BSKE image of sample 9b (c) where
the arrow indicates the foitite.

The averaged LA-ICP-MS analyses of selected trace elements: Be, Sc, V, Cu, Ga, Ge, Sr, Y, Ta, Pb,
Th, U and REE of the tourmalines are reported in Table 3.
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In general, the concentration of trace elements is variable and does not show any significant
trend or correlation with the colour changes. The exceptions are represented by the higher values of
Pb (up to 880 and 2880 ppm in sample 11 and 3b, respectively) corresponding to Mn (Fe)-enriched
points and of Cu (up to 196 ppm) in samples 1, 4, 9a, determined in the pink part of the crystals.
Variable concentration of Ga (41-182 ppm) and Sr (1-231 ppm) was observed. The Y content, generally
correlated with HREE, is very low, less than 1 ppm in all samples.

The REE content in tourmalines from granitic pegmatites is generally low (<30 ppm) while in the
examined samples, the total REE content ranges from 30 to 130 ppm with light REE-enrichment and
Ce being the most abundant element. Chondrite normalized REE patterns (plotted as mean values for
each sample in Figure 11) display a general depletion in the medium and heavy, with respect to the
light, rare earths. The negative Eu anomaly is probably related to the local depletion of Eu?* content
in the melt due to its consumption during the growth of K-feldspar, an important carrier of Eu?* in
magmatic rocks.
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Figure 11. REE patterns normalized to the C1 values reported in [27] for all the analysed samples.
5.3. X-Ray Crystal Structure Refinement

The crystallographic data obtained by single crystal refinement confirm that the examined
tourmalines belong to the R3m space group with the cell parameters in the range of elbaite species.
Absolute structure parameter ranged from 0.01(11) to —0.10(10) and secondary extinction coefficient
ranged from 0.0024(2) to 0.0049(3) (Table 4).

The selected interatomic distances, geometrical parameters and refined and observed (from
chemical analyses) site-scattering values are given in Tables 5 and 6, respectively. The final atom
coordinates and equivalent displacement parameters, as well as the complete set of crystallographic
data (crystallographic information files and lists of observed and calculated structure factors), have
been deposited in supplementary electronic material (Tables S1 and S2a—c).

The structural data confirm elbaitic compositions: <Y-O> ranges from 1.989 to 2.030 A compared
to a calculated value of 2.015 A for an ideal elbaite (using ionic radii of [11]; <Z-O> ranges from 1.907
to 1.908 A compared to a <“Al-O> grand mean value of 1.906 A (Figure 3 of [28]); site scattering at
X sites (8.73-12.43 electrons per formula unit or a.p.f.u., Table 6) is compatible with a dominant Na
occupancy. The high quality of the reported structure refinements makes it possible to discuss the
site assignment of cations among the different sites of the studied crystals. Following [11] and using
his Equation (4) [Al = —0.1155 + 1.1713-1 Al — 0.0522.[6]A1%; Al = Al — TAl (a.p.f.u.)], it is possible
to estimate the ZAl occupancy just from chemical data. Applying this equation to the data reported
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in Table 2 produces a slight Al deficiency of 0.126-0.439 a.p.f.u.. However, this is in contrast with
single crystal XRD data that provide refined scattering values of 12.85(5)-12.96(3) a.p.f.u. for the Z
site, implying a maximum of 0.12 “Li atoms per formula unit or just pure Al Z sites, considering
30. It is, therefore, highly improbable that any Mn?* (or Fe?*) could have been disordered into the
Z-sites. The agreement between observed (SC-XRD) and calculated (EMPA-WDS) site scattering at
X-sites is poorer (9-10%, Table 6), probably due to the high chemical variability of crystals, because the
occupancy of X site is the main chemical vector observed in the studied tourmalines.

It is worthwhile to note the high values of U equivalent for the O(1) (from 0.0291(7) to 0.057(2) A?,
compared to the mean value of 0.007-0.010 A2 for the other anion sites; see Tables S1 and S2a—c).
This is very probably due to static disorder at the O(1) anion site. All three studied crystals show
large and flat [parallel to (0001)] thermal ellipsoids, making the estimation of the electron density at
the O(1) site inaccurate (see Figure 12). We tried a split model, but it was unsuccessful. A similar
delocalization of electron density was reported by [29] (compare their Figure 1a with our Figure 12b) for
manganese-bearing elbaitic compositions. Burns and co-workers [29] interpreted the large anisotropic
displacements as positional disorder, rather than thermal vibration, due to the 6 possible local
arrangements at the three Y sites around the O(1) site; the three principal Y cations (Al, Li and
Mn?*) have very different ionic radii (0.547(3), 0.751(9), 0.809(1) A, respectively; values from [11]).
Considering the composition of the Y sites (close to AILiMn) of our tourmalines, the ideal average
trimer would promote a distorted environment for the O(1), confirming in a new set of samples the
behaviour already reported by [29].

Table 4. Crystal data and structure refinement for tourmalines 1, 2, 12.

Sample 1 2 12
Temperature 293(2) K 293(2) K 293(2) K
Wavelength 0.71073 A 0.71073 A 071073 A

Crystal system Trigonal Trigonal Trigonal
Space group R3m R3m R3m

Unit cell dimensions

a=15.8283(3) A

2 =15.8951(8) A

a=15.8909(2) A

©=7.09392(18) A

c=7.1216(4) A

c=7.1163(3) A

Volume 1539.16(5) A3 1558.22(15) A3 1556.26(7) A3
Z 3 3 3
Absorption coefficient 1.004 mm ! 1.056 mm ! 1.020 mm !
F(000) 1395 1430 1422
Crystal size (mm?) 0.29 x 0.61 x 0.47 0.35 x 0.51 x 0.65 0.40 x 0.53 x 0.70
0 range for data collection 3.23t0 36.11°. 3.22 t0 29.04°. 3.22 to 35.95°.
—26 <h <26, —16 <h <13, —25<h <26,
Index ranges —24 < k<24, —20 <k <20, —25<k<25,
—9<1<9 —9<1<9 —9<1<9
Reflections collected 14,418 3806 14,500
Independent reflections 1571 914 1261
R(int) 0.0277 0.0216 0.0334
Completeness to 0 = 35.95° 89.30% 95.20% 72.70%

Refinement method Full-matrix least-squares on F2  Full-matrix least-squares on F2  Full-matrix least-squares on F2
Data/restraints/parameters 1571/1/97 914/1/97 1261/1/97
Goodness-of-fit on F2 1.161 1.076 1.09
. o R1=0.0159 R1=0.0175 R1=0.0179
Final Rindices [1> 20 (1] WR2 = 0.0400 WR2 = 0.0452 WR2 = 0.0448
s R1=0.0168 R1=0.0177 R1=0.0186
Rindices (all data) WR2 = 0.0403 WR2 = 0.0453 WR2 = 0.0451
Absolute structure parameter 0.04(7) 0.01(11) —0.10(10)
Extinction coefficient 0.0049(3) 0.0041(3) 0.0024(2)
. 0.461 and 0.530 and 0.889 and
Largest diff. peak and hole —0439 e A3 0497 e A3 0709 e.A3
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Table 5. Bond lengths [A] and angles [°] for tourmalines 1, 2, 12.

Sample 1 2 12
T-O(6) 1.6092(9) 1.6049(15) 1.6021(14)
T-0(7) 1.6103(7) 1.6134(13) 1.6110(10)
T-O(4) 1.6208(5) 1.6263(8) 1.6260(7)
T-0(5) 1.6363(5) 1.6412(9) 1.6389(8)
<T-0> 1.619 1.621 1.62
V (A3) 2173 2.181 2173
TQE 1.0017 1.0023 1.0022
TAV 6.812 9.502 9.0511
B-O(2) 1.3630(18) 1.352(4) 1.361(3)
B-O(8) (x2) 1.3798(10) 1.386(2) 1.3850(15)
<B-O> 1.374 1.375 1.377
X-0(2) (x3) 2.4570(18) 2.426(3) 2.425(2)
X-0(5) (x3) 2.7422(13) 2.748(2) 2.7492(17)
X-0(4) (x3) 2.8095(13) 2.810(2) 2.8078(18)
<X-O> 2.67 2.661 2.661
V (A3) 31.14 31.419 31.086
Y-0(2) (x2) 1.9620(9) 1.9824(15) 1.9812(14)
Y-0(6) (x2) 1.9591(9) 2.0150(15) 2.0129(13)
Y-O(1) 1.9577(14) 2.028(2) 2.024(2)
Y-0(3) 2.1346(14) 2.171(2) 2.1678(19)
<Y-O> 1.989 2.032 2.03
v (A%) 10.125 10.796 10.759
OQE 1.0252 1.0253 1.0253
OAV 79.39 79.54 79.7
7-0(6) 1.8643(8) 1.8506(15) 1.8514(12)
7-0(7) 1.8816(8) 1.8823(14) 1.8834(12)
7-0(8) 1.8877(8) 1.8865(14) 1.8847(11)
Z-0(8) 1.9008(8) 1.9114(14) 1.9098(11)
7-0(7) 1.9415(7) 1.9551(14) 1.9551(11)
7-0(3) 1.9647(6) 1.9617(11) 1.9612(10)
<Z-0> 1.907 1.908 1.908
V (A3) 9.039 9.079 9.075
OQE 1.0154 1.0137 1.0137
OAV 52.08 45.82 45.75
0@3)-H(3) 0.80(3) 0.71(4) 0.72(4)

Table 6. Observed (Single Crystal XRD) and calculated (EMPA) site scattering.

(Electrons Per Site, eps) for Tourmalines 1, 2, 12

Site

1 2 12
X (obs) 8.73 12.43 11.81
X (calc) 7.95 11.34 10.61
Y (obs) 9.49 11.98 11.26
Y (calc) 9.25 11.97 11.12
Z (obs) 12.96 12.83 12.85
Z (calc) 13 13 13
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Figure 12. Sample 2: Electron density at O(1). The high displacement parameters and oblate behaviour
of the O(1) anion site in the three samples are related to the trilobated shape of the maxima at that
position. This is ascribable to local static disorder due to the presence of three different size cations as
Al < Li < Mn?* in the three Y coordinating sites for every O(1) anion site. (a) is a F, Fourier synthesis;
(b) is a Fo—F. Fourier synthesis.

6. Discussion and Conclusions

The tourmalines discovered for the first time in the miarolitic LCT pegmatites at the western
border of Adamello Massif may be considered gem materials due to their attractive pink to green-brown
hue and transparency. Crystals providing the gem-quality requirements are available, despite the
presence of cracks and voids well evidenced by synchrotron X-ray computed micro-tomography.

The studied tourmalines resulted principally in fluor-elbaite, along with minor fluor-liddicoatite,
foitite and rossmanite that likely represent the final stages of tourmaline compositional evolution.

The chemical variations, reflecting the environment physicochemical changes during their growth,
resulted both in a zoning from nearly black to green to blue to pink elbaite to rossmanite (sample 10)
and in a reverse geochemical trend at the latest stages by a pink core, colourless to white midsection and
green rim in sections cut perpendicularly to the c-axis (sample 4). In the non-homogeneous samples
two different zones, possibly indicating the occurrence of a different and separated generations
of tourmaline, can be distinguished: the first can be described as having high Ca + Mn or with a
continuous fractionation trend of Mn vs. Fe, and the second one with poor Ca + Mn (sample 1) or with
a marked enrichment in Fe (sample 4 and 10).

Mn and Fe are the main factors controlling the colour of the Li-rich tourmaline. Iron is always
lower than manganese, increases in the darker zone and is virtually absent in the near colourless and
pink tourmalines. One of the hypotheses on the intensifying pink hues in tourmaline is the presence
of manganese in the 3+ oxidation state. Despite the uranium and thorium contents being very low
(6.98 and 0.79 ppm), the presence, as in sample 9, of uraninite and its natural y-radiation could be
responsible for the oxidization change from Mn?* to Mn3*. From our results in tourmalines 1 and 4,
it seems that a very low amount (<0.08 a.p.f.u.) of Mn may also be enough to give the bright pink
colour. Cu?* in combination with other cations may modify the resulting colour in tourmalines [1]
and, interestingly, the pink parts of samples 1, 4, 9a, corresponding to Ti, Fe and Mn depleted points,
contain a relatively high content of Cu.

The REE content is slightly higher than the literature data for tourmalines from relatively primitive
NYF (Niobium, Yttrium, Fluorine) and mixed NYF-LCT pegmatites [30]. The chondrite normalized
REE patterns are very similar and present a negative Eu?* anomaly, probably due to the local depletion
of Eu?* in the melt.

The structural data confirm elbaitic compositions of the examined samples. The positional disorder
found at the O(1) anion positions may be due to the high content of manganese entering into the Y
sites together with cations of very different charge and radius (Li and Al).

The presence of gem-quality tourmalines in miarolitic cavities suggests the enrichment in
volatiles and other exotic elements in pegmatite melt, as well as a shallow level formation in the
thermo-metamorphic aureole of the Adamello pluton. The pegmatitic liquids could be exsolved from
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the granitoid magmas during the latest stages of crystallization of the pluton or, alternatively, generated
by partial melting of the including metasedimentary sequence.

Further field exploration could turn up additional reserves of gem-quality tourmalines, and their
study could contribute to a better understanding of the formation environment of the pegmatitic
swarms at the border of Adamello Massif.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/8/12/
593/s1, Table S1: Atom coordinates of the three tourmaline crystals of this study, Table S2a: Anisotropic
displacement parameters (A2 x 10%) for tourmaline 1. The anisotropic displacement factor exponent takes
the form: —272[h2a*2UM + ... + 2 h k a* b* U'2], Table S2b: Anisotropic displacement parameters (A2 x 10%) for
tourmaline 2. The anisotropic displacement factor exponent takes the form: —272[h?a*?U'! + ... + 2 hk a* b*
U'2], Table S2¢: Anisotropic displacement parameters (A2 x 10%) for tourmaline 12. The anisotropic displacement
factor exponent takes the form: —2m[h2a*2UM + ... + 2hka*b* U]
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Abstract: Although emerald deposits are relatively rare, they can be formed in several different,
but specific geologic settings and the classification systems and models currently used to describe
emerald precipitation and predict its occurrence are too restrictive, leading to confusion as to
the exact mode of formation for some emerald deposits. Generally speaking, emerald is beryl
with sufficient concentrations of the chromophores, chromium and vanadium, to result in green
and sometimes bluish green or yellowish green crystals. The limiting factor in the formation of
emerald is geological conditions resulting in an environment rich in both beryllium and chromium
or vanadium. Historically, emerald deposits have been classified into three broad types. The first
and most abundant deposit type, in terms of production, is the desilicated pegmatite related type
that formed via the interaction of metasomatic fluids with beryllium-rich pegmatites, or similar
granitic bodies, that intruded into chromium- or vanadium-rich rocks, such as ultramafic and
volcanic rocks, or shales derived from those rocks. A second deposit type, accounting for most
of the emerald of gem quality, is the sedimentary type, which generally involves the interaction,
along faults and fractures, of upper level crustal brines rich in Be from evaporite interaction with
shales and other Cr- and/or V-bearing sedimentary rocks. The third, and comparatively most
rare, deposit type is the metamorphic-metasomatic deposit. In this deposit model, deeper crustal
fluids circulate along faults or shear zones and interact with metamorphosed shales, carbonates,
and ultramafic rocks, and Be and Cr (£V) may either be transported to the deposition site via the
fluids or already be present in the host metamorphic rocks intersected by the faults or shear zones.
All three emerald deposit models require some level of tectonic activity and often continued tectonic
activity can result in the metamorphism of an existing sedimentary or magmatic type deposit. In the
extreme, at deeper crustal levels, high-grade metamorphism can result in the partial melting of
metamorphic rocks, blurring the distinction between metamorphic and magmatic deposit types.
In the present paper, we propose an enhanced classification for emerald deposits based on the
geological environment, i.e., magmatic or metamorphic; host-rocks type, i.e., mafic-ultramafic rocks,
sedimentary rocks, and granitoids; degree of metamorphism; styles of minerlization, i.e., veins, pods,
metasomatites, shear zone; type of fluids and their temperature, pressure, composition. The new
classification accounts for multi-stage formation of the deposits and ages of formation, as well
as probable remobilization of previous beryllium mineralization, such as pegmatite intrusions in
mafic-ultramafic rocks. Such new considerations use the concept of genetic models based on studies
employing chemical, geochemical, radiogenic, and stable isotope, and fluid and solid inclusion
fingerprints. The emerald occurrences and deposits are classified into two main types: (Type I)
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Tectonic magmatic-related with sub-types hosted in: (IA) Mafic-ultramafic rocks (Brazil, Zambia,
Russia, and others); (IB) Sedimentary rocks (China, Canada, Norway, Kazakhstan, Australia); (IC)
Granitic rocks (Nigeria). (Type II) Tectonic metamorphic-related with sub-types hosted in: (IIA)
Mafic-ultramafic rocks (Brazil, Austria); (IIB) Sedimentary rocks-black shale (Colombia, Canada,
USA); (IIC) Metamorphic rocks (China, Afghanistan, USA); (IID) Metamorphosed and remobilized
either type I deposits or hidden granitic intrusion-related (Austria, Egypt, Australia, Pakistan),
and some unclassified deposits.

Keywords: emerald deposits; classification; typology; metamorphism; magmatism; sedimentary;
alkaline metasomatism; fluids; stable and radiogenic isotopes; genetic models; exploration

1. Introduction

Emerald is the green gem variety of the mineral beryl, which has the ideal formula of Be3Al;SiOss.
It is considered one of the so-called precious gems and in general the most valuable after diamond and
ruby. The color of emerald is of greater importance than its clarity and brilliance for its valuation on
the colored gem market. In the Munsell color chart, emerald exhibits a green color palette that is the
consequence of peculiarities of its formation in contrasting environments (Figure 1). The pricing of
emerald is unique in terms of the color and weight in carats. In 2000, an exceptional 10.11 ct Colombian
cut gem was sold for US$1,149,850 [1]. In October 2017, Gemfield’s auction of Zambian emeralds
generated revenues of US$21.5 million and companies placed bids with an average value of $66.21
per carat [2]. This auction included the 6100 ct. Insufu rough emerald extracted from the Kagem mine
in 2015. Lastly, on the 2th of October, the remarkable emerald called Inkalamu (“the lion elephant”)
was extracted from the same mine [3]. Other giant crystals have been discovered in Colombia, such as
el Monstro (16,020 ct) and Emilia (7025 ct), both from the Gachald mines. In 2017, a large piece of
biotite schist with several emerald crystals was discovered in the Carnaiba mine, Brazil; the specimen
weighed 341 kg with 1.7 million ct of emerald, of which 180,000 ct were of gem quality. The specimen
has been valued at approximately US$309 million [4].

The present article assesses the state of our knowledge of emerald then and now, through
several questions regarding their locations on the planet; their crystal chemistry; pressure-temperature
conditions of crystallization; the source of the constituent elements, i.e., beryllium (Be), chromium (Cr,)
and vanadium (V); and their age of formation; and also proposes a new classification scheme.

Exploration beyond the 21st century may require a comprehensive data base of the typology of
emerald deposits to understand why some emerald occurrences are economic in terms of quantity
and quality and most are not. These future efforts will improve exploration guidelines in the field,
including plate tectonics and its consequences in terms of modeling our landscape through time and
within the Wilson cycle of continents.
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Figure 1. Emeralds’ worldwide photographs: (a) Emerald crystals on quartz and adularia, Panjshir
Valley, Afghanistan, 6.6 x 4.4 cm. Specimen: Fine Art Mineral. Photograph: Louis-Dominique Bayle,
le Régne Minéral; (b) emerald on pyrite, Chivor, Colombia, 3.9 x 2.6 cm. Collection MulitAxes.
Photograph: Louis-Dominique Bayle, le Regne Minéral; (c) Emerald in quartz, Kagem mine, Zambia,
longest crystal: 7.9 x 1.2 x 1.2 cm. The Collector’s Edge. Photograph: Louis-Dominique Bayle, le Regne
Minéral; (d) emerald in quartz vein and minor potassic feldspar, Dyakou, China, longest crystal: 1.5
cm. Specimen DYKO6-zh. Photograph: Dan Marshall; (e) emerald in plagioclase, Carnaiba, Brazil,
longest crystal: 6 cm. Photograph: Gaston Giuliani.

2. Worldwide Emerald Deposits

Emerald is rare, but it is found on all five continents (Figure 2). Colombia, Brazil, Zambia, Russia,
Zimbabwe, Madagascar, Pakistan, and Afghanistan (Figure 3) are the largest producers of emerald [5].
Emerald deposits occur mainly in the Precambrian series in Eastern Brazil, Eastern Africa, South
Africa, Madagascar, India, and Australia, and younger volcano-sedimentary series or ophiolites in
Bulgaria, Canada, China, India, Pakistan, Russia, and Spain. Colombian emerald deposits, which
produce most of the world’s high-quality emeralds, are unique in that they are located in sedimentary
rocks, i.e., the Lower Cretaceous black shales (BS) of the Eastern Cordillera basin. Other deposits are
hosted in Alpine-type veins, also called Alpine-type clefts. Emerald is found in veins and cavities in
the European Alps (Binntal) as well as in the United States (Hiddenite). Nigerian emeralds are unique
and are located in pegmatitic pods.
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TECTONIC-MAGMATIC-RELATED EMERALD DEPOSIT TYPES TECTONIC-METAMORPHIC-RELATED

@ Type |A in mafic-ultramafic rocks
@ TypelBin sedimentary rocks
@ TypelICin granitic rocks

Type lIA in mafic-ultramafic rocks
Type lIB in sedimentary rocks

Type IIC in metamorphic rocks
Type IID in metamorphosed type |A

ooE @

Figure 2. The location of emerald deposits and occurrences worldwide reported following their
geological types, i.e., tectonic magmatic-related (type I) and tectonic metamorphic-related (type II):
Brazil: 1. Fazenda Bonfim; 2. Socotd; 3. Carnaiba; 4. Anagé, Brumado; 5. Piteiras, Belmont mine,
Capoierana, Santana dos Ferros; 6. Pirenopolis, Itaberai; 7. Santa Terezinha de Goias; 8. Taua, Coqui;
9. Monte Santo. Colombia: 10. Eastern emerald zone (Gachala, Chivor, Macanal); 11. Western emerald
zone (Yacopi, Muzo, Coscuez, Maripi, Cunas, La Pita, La Marina, Pefias Blancas). United States:
12. Hiddenite; 13. Uinta. Canada: 14. Dryden; 15. Mountain River; 16: Lened; 17. Tsa da Gliza.
South Africa: 18. Gravelotte. Zimbabwe: 19. Sandawana, Masvingo, Filibusi. Mozambique: 20. Morrua.
Zambia: 21. Kafubu, Musakashi. Tanzania: 22. Sumbawanga; 23. Manyara. Ethiopia: 24. Kenticha
(Halo-Shakiso). Somalia: 25. Boorama. Egypt: 26. Gebels Sikait, Zabara, Wadi Umm Kabu. Nigeria:
27. Kaduna. Madagascar: 28. Ianapera; 29. Mananjary. Australia: 30. Poona; 31. Menzies; 32. Wodgina;
33. Emmaville, Torrington. China: 34. Dyaku; 35. Davdar. India: 36. Sankari Taluka; 37. Rajasthan
(Bubani, Rajgarh, Kaliguman); 38: Gubaranda (Orissa state). Pakistan: 39: Khaltaro; 40. Swat valley.
Afghanistan: 41. Panjshir valley. Russia: 42. Urals (Malyshevo). Ukraine: 43. Wolodarsk. Bulgaria:
44. Rila. Austria: 45. Habachtal. Norway: 46. Eidswoll. Switzerland: 47. Binntal. Italia: 48. Val Vigezzo.
Spain: 49. Franqueira.

Zimbabwe i
c /Afghanlstan

Zambia Brazil

B Coomb_of

. - \
Eakistan Madagascar

Figure 3. Emerald production worldwide in 2005.
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3. Crystal Chemistry of Emerald

Beryl is hexagonal and crystallizes in point group 6/m 2/m 2/m and space group P6/m2/c2/c. Itis
a cyclosilicate mineral. The crystal structure, as shown in Figure 4, is characterized by six-membered
rings of silica tetrahedra lying in planes parallel to (0001). The Al or Y site is surrounded by six O atoms
in octahedral coordination, and both the Be and silica (Si) sites are surrounded by four O atoms in
tetrahedral coordination. The SiO4 tetrahedra polymerize to form six-membered rings parallel to (001);
stacking of the rings results in large channels parallel to c. The channels are not uniform in diameter;
in fact, they consist of cavities with a diameter of approximately 5.1 A separated by bottlenecks with
a diameter of approximately 2.8 A. The channels can be occupied by alkali ions (such as Na*, Li,
K*, Rb*, Cs*, etc.) whose presence is required to balance reductions in positive charges when cation
substitutions occur in the structure. Neutral H,O and CO, molecules [6] and noble gases, such as
argon, helium [7], xenon, and neon [8], are generally also present in variable amounts in the channels.

Figure 4. Structure of beryl [9] in: (a) Apical view: Hexagonal silicate rings stacked parallel to the c
axis (normal to the drawing) are held together by A13* (octahedral site) and Be?* (tetrahedral site).
The radii of the ions are respected in the drawing; (b) lateral view perpendicular to the ¢ axis showing
the hexagonal silicate rings and the bottleneck (2b site) and the open cage (24 site) structure.
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Emerald was defined by [10] as “the yellowish green, green or bluish green beryl which reveals
distinct Cr and/or V absorption bands in the red and blue violet ranges of their absorption spectra”.
Quantitatively, Cr and V substitutions range between 25 [6] and 34,000 ppm [11] for Cr and from
34 ppm [12] to 10,000 ppm [13] for V. Emerald crystals typically exhibit a prismatic habit (Figure 5)
characterized by eight faces and their corresponding growth sectors: Six {1010} first order prismatic
faces and two pinacoidal {0001} faces. Small additional {1012} and {1122}faces can also be present.

Prismatic growth sectors {1010}

Hexagonal prismatic Pinacoidal growth
habits sectors{0001
(0001) oo
y 0110
(1100) ( )
//

=

/
/
B \ 4 /
(1010) L
£\
/I \
/I \ N\
/ \ \
/ \ /

Figure 5. Habits of emerald crystals, characterized by eight main faces and their corresponding growth
sectors: Six {1010} first order prismatic faces and two pinacoidal {0001} faces.

Representative emerald compositions from the literature are listed in Table 1. Most substitutions
occur at the Y site. Figure 6 shows Al versus the sum of other Y-site cations for 499 emerald
compositions from the literature; as expected, they show an inverse relationship. Figure 7 shows a
slight deviation from a 1:1 correlation between Mg + Mn + Fe and the sum of monovalent cations.
This graph suggests that, to achieve charge balance, the substitution of divalent cations for Al at the
Y site is coupled with the substitution of a monovalent cation for a vacancy at a channel site. There
are two sites in the channels; these are referred to as the 2a (at 0,0,0.25) and 2b (at 0,0,0) positions.
Artioli et al. [14] suggested that in alkali- and water-rich beryls, H,O molecules and the larger alkali
atoms (Cs, Rb, K) occupy the 2a sites and Na atoms occupy the smaller 2b positions, but in alkali-
and water-poor beryl, both Na atoms and H,O molecules occur at the 22 site and the 2b site is empty.
The amount of water in beryl can be difficult to determine, but Giuliani et al. [15] derived the following
equation from existing experimental data for emerald:

H,O0 (in wt.%) = [0.84958 x NayO (in wt.%)] + 0.8373. (1)
This equation has been improved [16] and is best defined by the relationship:

H,0 = 0.5401 InNa,O + 2.1867a. @)
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Figure 6. Al versus the sum of other Y-site cations, in atoms per formula unit, for 499 emerald analyses
from the literature. The number of analyses per country is given in parentheses in the legend. Sources
of data: [11-15], [16] (average of 37 analyses), [17-20], [21] (average of 88 analyses), [22] (average of
approximately 130 analyses), [23-43], [44] (Kazakhstan values are averages of 11 analyses), [45] (average
of 10 analyses), [46], [47] (two averages of five analyses each), [48-51], [52] (average of 55 analyses),

and this study.
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Figure 7. Mg + Mn + Fe vs. monovalent channel-site cations, in atoms per formula unit, for analyses
from the literature. Sources of data are the same as in Figure 6.

Unfortunately, it is difficult to obtain accurate analyses of Be, Li, and ferric-ferrous ratios in beryl.
Both Be and Li are too light to measure with the electron microprobe, which cannot distinguish between
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Fe®* and Fe?*. Thus, most published analyses of beryl are renormalized on the basis of 18 O and 3 Be
atoms per formula unit and Fe is generally reported as exclusively ferric or ferrous. Points that lie to
the right of the 1:1 line in Figure 6 indicate that some of the Fe in a given emerald is present as Fe>*.
Likewise, points that lie above the line could suggest the presence of Li*, which may substitute for Be?*
at the Be site. Charge balance is maintained by adding a monovalent cation to a channel site. Beryllium
can be analyzed with LA-ICP-MS (Laser Ablation-Inductively Coupled Plasma—Mass Spectrometry),
SIMS (Secondary Ionisation Mass Spectrometry, or “ion microprobe” [23]), or by using wet chemical
techniques. However, there is so much Be in the structure that the accuracy of such analyses is suspect.
Lithium may be analyzed by the same techniques as Be, but because the concentrations are much
lower, the accuracy would presumably be better. The amount of Li can also be estimated in Fe-free
beryl from the number of monovalent cations at the channel sites.

The main substituents for Al at the Y site are plotted as oxides in Figure 8a. Magnesium is the
main substituent in emeralds from most localities. The elements responsible for most of the variation
in color in emerald crystals are plotted as oxides in Figure 8b. In most cases, the Cr,O3 content is
much greater than that of V,03; the main exceptions are for samples from the Lened occurrence in
Canada [21,47], the Davdar occurrence in China [18], the Muzo mine in Colombia [1], the Mohmand
district in Pakistan [1], and Eidswoll in Norway [13]. The accuracy of data obtained by LA-ICP-MS
is primarily dependent on the standards used for the analysis. Currently, the NIST 610 and 612
glasses are used for calibration standards, but it is likely that emerald standards are necessary to
obtain accurate data for trace elements. Beryl has a wide stability field; the lower limit in the presence
of water is between 200 °C and 350 °C, depending on the pressure and coexisting minerals [53].
However, the high-temperature stability and melting relationships remain unclear, partly because
beryl may contain significant amounts of H,O at the channel sites, and water has a significant effect
on stability [52]. The effect of other channel constituents, such as Na, may be similar. Although
thermodynamic data exist for beryl, the lack of experimental data for anything more complex than
the BASH (BeO-Al,03-5i0;,-H,0) system can be a barrier to understanding the formation of natural
occurrences, such as those where Be-bearing minerals occur in metamorphic rocks [52].
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Figure 8. (a) Plot of emerald compositions in terms of FeO-MgO-Cr, O3 (wt.%). Data from the literature
(with all Fe as FeO). Sources of data are the same as in Figure 6. The diagram is after [39]. (b) Plot of
emerald compositions in terms of FeO-CryO3-V,03 (wt.%). Data from the literature (with all Fe as
FeO). Sources of data are the same as in Figure 6. The diagram is after [39].

4. Sources of Be, Cr, and V: The Formation of Emerald

The sources of Be, Cr, and V of emerald. The Cr-V-bearing beryl is rare because (i) its constituent
metals have opposite affinities and behavior in the continental and oceanic lithospheres, and (ii) there
is only 2 ppm of Be in the upper continental crust. Beryllium is a lithophile element, which has a
strong affinity for oxygen producing beryl and chrysoberyl (BeAlOy) at higher temperatures and at
medium to low temperatures joins with silica to form silicate minerals, such as beryl, bertrandite
[Be4SipO7(OH),], and/or Be-bearing micas. These minerals have a relatively low-density (Pberyl =2.76)
and are concentrated in the crust (perust = 2.7). Chromium and V are high-density transition metals
that generally concentrate in the core and the mantle of the earth. Although Cr and V show both
lithophile and siderophile affinities, they tend to form solid solutions with iron (Fe) to form, e.g.,
chromite (FeCr,Oy) at high temperatures. Progressive changes in tectonic processes since the Archean
preserved metamorphosed mafic-ultramafic rocks (M-UMR) and ancient mantle-related terranes in the
upper continental crust. Consequently, Cr and V are more common than Be in the upper continental
crust, with concentrations of ~100 ppm each.

Beryllium is present in crustal granites and associated dyke swarms of pegmatites, aplites,
and quartz veins. The felsic rocks (FELSR), with more than 70% silica (5iO;), are intrusive into the
continental lithosphere. The highest Be concentration occurs in granites and rhyolites (~5 ppm).
The two-mica granites have concentrations between 5 and 10 ppm, while specialized granites have
more than 200 ppm. Beryllium is carried by Be-minerals, but also by feldspar and micas. Chromium
and V are more highly concentrated in M-UMR of the oceanic lithosphere that contain less than 50%
SiO, (Figure 9a). These rocks, which are generally termed peridotites, are often metamorphosed
into serpentinites containing up to 14 wt.% H,O (Figure 9a,b), or into talc-chlorite-carbonate schists.
Chromium is dominantly sourced from chromite and V is sourced from V-bearing magnetite or
coulsonite (Fe?*V3+,0,). Nevertheless, Cr-V and Be can be present in sedimentary rocks and are highly
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concentrated in shale (Figure 9¢c). Indeed, the weathering and erosion of M-UMR and FELSR on the
continents delivers to the sea fine-grained clastic sediments composed of mud with Cr-V-Be-bearing
grains and organic matter, as well as tiny fragments of quartz and calcite.

carbonates
organic matter

[Fe,Mn(O,0H)]

Al-silicates

Figure 9. Potential geological sources of chromium (Cr) and vanadium (V) necessary for emerald
formation in mafic-ultramafic rocks and black shales: (a) A lherzolite (Lrz) that is transformed into
serpentinite (Srp), region of Montemaggiore on the Corsican cape, France; (b) Photomicrograph (plane
polarized light) of an antigorite vein (V2) cross cutting lizardite veins (V1) and olivine (Ol). Fine-grained
magnetite (Mag) is present in the centre of V1; V2 boundaries contain minute secondary olivine grains.
Photo: B. Debret; (c) Colombian black shale crosscut by pyrite (Py) -bearing calcite (Ca) veinlets from
the Coscuez mine. Photograph: G. Giuliani; (d) Pie diagram representation of the concentration (in %)
and relative distribution of beryllium (Be) between the different phases extracted from a black shale
containing 4 ppm of ?Be, Coscuez mine [54]. OM: Organic matter; [Fe,Mn(O,0H)] = oxy-hydroxides of
iron and manganese.

In anoxic and reducing environments, the un-oxidized organic matter imparts a dark colour to the
black shale (BS). The Be contents of BS for Colombian deposits vary between 2 and 6 ppm, while Cr-V
concentrations range between 100 and 1000 ppm. At the Coscuez emerald deposit (Figure 9d), the Be
content of the BS is around 5 ppm. Beryllium mobility is principally associated with the breakdown
of iron-manganese oxy-hydroxide phases. The amount of Be that can be mobilized (~0.7 ppm) may
represent up to 18 wt.% of the total Be contained in the BS [54].

Emerald formation requires Be and Cr-V inter-reservoir circulation of fluids to mobilize these
elements. Metasomatism and fluid /rock interaction is the main mechanism for element mobilization
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in sedimentary (black shales) or granitic rocks for Be and metamorphosed-mafic-ultramafic rocks
for Cr and V. These mineralizing fluids are trapped by emerald within the large channels parallel
to the c axis (molecular components) or in fluid inclusions (several constituents in different systems,
i.e., HyO-NaCl-CO,-(£H;S)-(+N,)-(£CHy)-(K, Mg, Be, F, B, Li, SO4, P, Cs)) within primary growth
planes and secondary trails of fractures. Fluid inclusions are important fingerprints for emerald,
and microthermometry, Raman spectrometry, and mass spectrometry for O-H isotope signatures make
it possible to determine the nature and origin of the fluids [16,55].

5. Classification of Emerald Deposits

5.1. Genetic Classifications

The genetic classification schemes developed for emerald deposits in the 21st century were
reviewed by [1]. The classification schemes are ambiguous and not particularly useful when it comes
to understanding the mechanisms and conditions that led to the formation of an emerald deposit [52].
There is no ideal combination of mineralogical, chemical, geochemical, and physical parameters or
combinations of these data with the age of the formation of the deposits and O-isotope composition of
emerald [56].

Dereppe et al. [57] used artificial neural networks (ANN) to classify emerald deposits based on
450 electron microprobe analyses of emeralds from around the world. They defined five categories of
deposits with “bad scores”. These important misclassifications affected essentially the shear zone and
thrust-related deposits in mafic—ultramafic rocks and oceanic suture rocks, such as in Santa Terezinha
de Goids, Brazil, and either Panjsher valley (Afghanistan) or Swat valley (Pakistan).

Schwarz and Giuliani [58,59] recognized two main types of emerald deposit: Those related to
granitic intrusions (type I) and those where mineralization is mainly controlled by tectonic structures,
such as a fault or a shear zone (type II). Most emerald deposits fall into the first category and are
subdivided based on the presence or absence of biotite schist at the contact. Type II deposits are
subdivided into schist without pegmatite and black shale with veins and breccia. However, a number
of emerald deposits of type I have been influenced by syntectonic events (e.g., Carnaiba, Brazil; Poona,
Australia; Sandawana, Zimbabwe) or remain unclassified, such as the Gravelotte (Leydsdorp) deposit
in South Africa [58].

Schwarz et al. [60] classified emerald deposits based upon their appearance in the field following
several sketched geological profiles drawn by G. Grundmann: (i) Pegmatites without phlogopite schist;
(ii) pegmatite and greisen with phlogopite schist; (iii) schist without pegmatite with (iiia) phlogopite
schists, (iiib) carbonate-talc schist and quartz lens, (iiic) phlogopite schist and carbonate-talc schist;
and (iv) black shale with breccia and veins.

Barton and Young [53] divided emerald deposits into those with a direct igneous connection
and those where such a connection was indirect or absent. Further subdivisions were done based on
the chemistry of the magma and/or the nature of the emerald-bearing metasomatic rocks (greisen
and vein-like, skarn type, biotite schist, and vein-related). However, a number of emerald deposits
cannot be unambiguously classified using this scheme (Kaduna in Nigeria, Swat valley in Pakistan
and Eastern desert deposits in Egypt).

Schwarz and Klemm [61] used LA-ICP-MS to obtain approximately 2600 spot analyses of
40 major and trace elements from ca. 650 emerald samples from 21 different occurrences worldwide.
The classification of the deposits was “non-genetic descriptive”, but was used instead as a geographic
fingerprint. Nowadays, the gemological laboratories routinely use LA-ICP-MS for deciphering the
geographic origin of individual stones [12,62-65], which is important for provenance and international
trade certification. New standards and protocols for emerald analysis are being applied in gem testing
laboratories for geographic and geological applications [66].

Aurisiccchio et al. [23] obtained major and trace element data for emerald from several world
deposits and reported important modifications regarding the origin of Be in some type II deposits (in
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the classification proposed by Schwarz and Giuliani [58], i.e., type I granitic intrusions- and type II
tectonic-related emerald deposits).

5.2. A Revised Classification for Emerald Deposits

We start by asking why a reclassification is desireable. Emerald deposits are relatively rare and form
in a limited number of geological settings. Existing classification systems or models used to describe
emerald formation are too restrictive and attempts at reclassification have proved inadequate to date.

Emerald is a medium to high temperature by-product of the Earth system and is hosted by
diverse rock types of different ages. The first task of a field geologist is to identify the emerald-bearing
rocks and to define the geological environment as magmatic, sedimentary, or metamorphic. Then,
each emerald occurrence worldwide is linked to a major geological and tectonic regime related to the
movement of lithospheric plates. Regional stresses in the lithosphere generate deformation subsystems
with characteristic geometry, chemistry, and geology. The systems are either (i) closed (diabatic)
systems with an exchange of heat with the surrounding rock and with very limited or absent fluid-rock
interaction, or (ii) open systems with the migration of material and fluids along shear-zones and
faults, resulting in the mobilization and re-precipitation of elements and tectonic melange zones.
The tectonic systems are then characterized as compressive or extensional sub-systems with variable
amounts of vertical and strike-slip movement encompassing large areas within orogens. Consequently,
a more inclusive classification system for emerald deposits should consider tectonic, magmatic,
and metamorphic-related types, geological environment, magmatic/metamorphic/sedimentary host
rocks, and metasomatic conditions.

So, what would an enhanced classification look like? Giuliani et al. [55] classified emerald
deposits into three broad types based on worldwide production in 2005 (see Figure 3): (i) The
magmatic-metasomatic type (Ma) accounting for about 65% of the production; and (ii) the
sedimentary-metasomatic (Se) and metamorphic metasomatic (Me) types, for 28% and 7%, respectively.

Marshall et al. [16] proposed an enhanced classification for emerald deposits based on the Me,
Ma, and Se models, but also including the temperature of formation. They examined the possibility, at
deeper crustal levels and high grade metamorphism, of the possible remobilization of previous beryl
or emerald occurrences and partial melting of metamorphic rocks blurring the distinction between Me
and Ma types.

In this work, we propose classifying emerald occurrences into two main types (Table 2):

(Typel) Tectonic magmatic-related with sub-types hosted in:
(TA) Mafic-ultramafic rocks (Brazil, Zambia, Russia, and others);

(IB)  Sedimentary rocks (China, Canada, Norway, Kazakhstan Australia);
(IC)  Granitic rocks (Nigeria).
(Type II) Tectonic metamorphic-related with sub-types hosted in:
(TA) M-UMR (Brazil, Austria);
(IIB)  Sedimentary rocks-black shale (Colombia, Canada, USA);
(IIC) Metamorphic rocks (China, Afghanistan, USA);

(IID) Metamorphosed type I deposits or hidden-granitic intrusion-related (Austria, Egypt,
Australia, Pakistan), and some unclassified deposits.

6. Different Types of Emerald Deposits

We will now examine the main emerald deposits worldwide using the above classification.
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6.1. Tectonic Magmatic-Related (Type I)

Type I deposits are found in all five continents (Figure 2). The main geological environment
is characterized by the presence of aluminous to peraluminous granitoids formed in continental
collision domains. The collision increases the continental lithosphere thickness, resulting in increased
pressure and temperature, and producing a zone of higher grade of metamorphism and partial melting
of rocks, forming felsic magmas. These continental collisions have occurred at different geological
times throughout the Wilson cycles of the supercontinents, with the formation of emerald deposits
(Figure 10; [67]) during the following orogenies: Eburnean or Transamazonian (2.0 Ga (giga-annum)),
Pan-African/Brasiliano (490-520 Ma (mega-annum)), Hercynian (300 Ma), Uralian (299-251 Ma),
Yenshan (125-110 Ma), and Himalayan (25-9 Ma). In contrast, the emerald deposit at Kaduna in
Nigeria is associated with Mesozoic (213-141 Ma) ring complexes with peralkaline granites formed
in a volcanic to subvolcanic continental environment [68]. In the case of the Byrud mine in Norway,
the emerald is related to Permo-Triassic intrusions associated with the evolution of the Oslo Paleorift.
This rift was characterized by a succession of volcanic rocks and the emplacement of batholiths and
the intrusion of syenitic dykes and sills [69].
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Figure 10. The spiral time of emerald. The oldest emerald formed during Archean times (2.97 Ga) in
South Africa (Gravelotte deposit) and the youngest during Cenozoic times (9 Ma) in Pakistan (Kaltharo
deposit). Nomenclature of the circles: Red = limit of geological era, green circle = emerald deposits
related to the Tectonic magmatic-related types (types IA, IB, and IC); yellow and white circles = Tectonic

Infographics : P. Brun

metamorphic-related types (types IIA, IIB, IIC, and IID) with deposits hosted either in mafic-ultramafic
rocks (white circle) or in sedimentary rocks (yellow circle).
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Type I emerald deposits, in terms of quantity and gem quality, remain the world’s most important
emerald deposits. Three sub-types are distinguished according to the emerald host-rocks.

6.1.1. Sub-Type IA: Tectonic Magmatic-Related Emerald Deposits Hosted in M-UMR (Brazil, Zambia,
Russia, and Others; See Table 2 and Figure 2)

These deposits produce high volumes of emerald. Why?

There are numerous Be- and/or Be-Ta-Nb-Sn-W-bearing granites of different ages accompanied
by subordinate amounts of M-UMR in the continental crust.

There are large volumes of metamorphosed M-UMR in the Precambrian series of the continental
crust, such as the recently discovered southern Ethiopian emerald deposit (Halo-Shakiso) hosted in
the Archean and Proterozoic volcano-sedimentary series. It is associated with pegmatites and quartz
veins similar to the proximal Ta-Nb-Be-bearing pegmatites from the nearby Kenticha mine.

At the regional scale and in several emerald mining districts, there are extended and continuous
zones of mineralization related to granites, pegmatites, and quartz veins, as in the Kafubu mining
area in Zambia where the mining licences extend for approximately 15 km of the strike length [50,70].
The development of modern mining on a large scale, as done by the company, Gemfields Group Ltd.,
through underground and huge open-cast mining, allows for the production of large quantities of
high-quality commercial-grade gems.

Another example is the mining district of Itabira-Nova Era in Minas Gerais, located in Quadrilatero
Ferrifero, Brazil (Figure 11). In 1978, the future deposit of Itabira was discovered on a private
property called the “Itabira farm” [71]. After three years of development, the mine was mechanized
and named the Belmont mine [72]. In 1988, emeralds were discovered at Capoierana near Nova
Era, 10 km southeast of the Belmont mine [73]. In 1998, the deposit of Piteiras was officially
discovered. The emerald deposit is located 15 km southeast of Itabira city, between the Belmont
and Capoierana mines. The mineralized zone extends for over 5 km and the mines are located on
two thrust zones (Brasiliano orogenesis) juxtaposing ultramafic rocks and highly deformed granites
called “Borrachudos”. At the regional scale, an extended emerald mining district was defined
based on the geological continuity of the thrusts [74]; this district accounts for the majority of the
Brazilian production.

In this type of deposit, granitic magmas have intruded M-UMR within volcano-sedimentary
sequences or greenstone belts (Figure 12) and fluids expelled from the granite circulated within
the thermal aureole, sometimes mixing with metamorphic fluids, and reacted with the pegmatite
or quartz veins and M-UMR, forming emerald. The deposits are associated with vast amounts of
fluid-rock interactions producing intense K-Na-Mg metasomatism of M-UMR and granite. This
genetic pathway is the most common ([1,16,22,75,76]) and is characterized by emeralds contained
in magnesium-rich micaceous rocks known as phlogopite schists or phlogopitites, or “glimmerite”
in the Russian literature, “black wall zones” in [77], or “sludite” in Brazil. Generally, the pegmatite
and the M-UMR experienced intense fluid infiltration and metasomatism where: (i) The M-UMR is
converted into the emerald-bearing micaceous-host rock; (ii) the granitic rock itself is transformed into
a feldspar-rich rock called plagioclasite comprised of albite-andesine feldspar. Quartz is dissolved
and the pegmatite becomes a desilicated pegmatite (Figure 13). The metasomatic processes are highly
variable and dependent upon P-T conditions, the extent of fluid circulation, and the timing between
granitic intrusions and regional deformation.

At Carnaiba, the vein-like metasomatic rocks, in which phlogopite is by far the most abundant
mineral, have a longitudinal extension that may extend several hundreds of meters, whereas their
thickness does not exceed a few metres. They display a clear zoning and are organized, in many places
in the M-UMR, symetrically around intrusive aplo-pegmatite dikelets, which channel the fluids [78].
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Figure 11. The emerald mining district of Itabira-Nova Era in Minas Gerais, Brazil, with the
mines of Belmont, Piteiras, and Capoierana: (a) Geological map of the extended regional mining
district. The mining concession of Piteiras is bounded by the polygon area plotted in the figure.
Three deposits are currently mined. All occur in the same geological context. Ultramafic bodies
(chromium—Cr, vanadium—YV, and magnesium-rich-bearing rocks) are in contact with the deformed
granites of Borrachudos (beryllium—Be, aluminium-silica-rich pegmatites), modified after [73];
(b) schematic diagram representing the probable formation of the Piteiras-Capoeirana-Belmont emerald
deposits. During the Brasiliano orogenesis (508 Ma), the hydrothermal fluid (red arrows) circulated
along the thrust planes, altering granites and associated Be-bearing pegmatites and Cr-V-bearing
mafic-ultramafics. The hydrothermal fluids interacted with both rocks and were enriched in all the
elements necessary for emerald crystallization. Emerald crystallized in plagioclasite (desilicated
pegmatite) and phlogopitite.
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Figure 12. Idealized model for the Tectonic magmatic-related emerald type.The model is based
on the emplacement in the crust of a granitic massif, with its pegmatite and aplite dikes and their
tourmaline- (Tr) or beryl- (Brl) bearing quartz veins, intruding mafic (metabasalt) and / or ultramafic
rocks (metaperidotite, serpentinite). The fluid circulations from the granite into the surrounding
rocks and granitic dykes (arrows), preferentially along the contacts between the pegmatite or aplite
or quartz veins and the regional rocks, transform the mafic rocks into a magnesium-rich biotite schist
and the pegmatite into an albite-rich plagioclasite. Emerald (Em) and apatite (Ap) precipitates in the
rocks affected by the fluid/rock interaction. It can precipitate in the pegmatite, aplite, plagioclasite,
and quartz veins and their adjacent phlogopite schist zones.
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Figure 13. Desilicated emerald-bearing pegmatites: (a) Desilicated pegmatites crosscutting metabasites
(mb) from the Kafubu mine (Zambia). Photograph: Dietmar Schwarz; (b) desilicated pegmatite from
the Carnaiba mine, Brazil. At the contact of a pegmatite (pg) and a serpentinite, the metasomatic
fluid dissolved quartz, mobilized Cr and V from the chromite-bearing serpentinite, and Be from
the beryl-bearing pegmatite to form emerald (Em). The fluid transformed the serpentinite into a

phlogopitite (ph) and the pegmatite in an albite-rich rock (ab). The three arrows indicate the limit of
the dissolution of quartz (q) from the pegmatite. Photograph: Gaston Giuliani.

These metasomatic rocks, called exo-F-phlogopitites (1.3 to 4 wt.% F), formed a metasomatic
column that consists of seven zones, from the central desilicated granitic vein (zone 7) to the enclosing
serpentinite (Figure 14):

Zone 6: Coarse-grained F-phlogopite + apatite + emerald + quartz;
Zone5: Fine-grained F-phlogopite + apatite + emerald;

Zone 4: F-phlogopite + spinel (chromite + magnetite);

Zone 3: F-phlogopite + spinel + amphibole (actinolite + tremolite);
Zone 2: F-phlogopite + spinel + ampbibole + talc; and

Zone 1: spinel + amphibole (or dolomite) + talc + serpentine + chlorite.

From the inner to the outer zones, (i) phlogopite composition evolves with continuous or
discontinuous decrease in the Al and Fe contents with an increase in the Si and Mg contents and
K/ Al ratio; (ii) amphibole evolves from actinolite to tremolite; and (iii) spinel from Al-chromite
to Cr-magnetite.

The aplopegmatite dikelets were transformed into plagioclasites (with disseminated phlogopite
and little hornblende) with irregular commonly centimeter-thick phlogopite rims, embayments,
and veinlets called endo-phlogopitites by analogy with the endo-skarns [78].

The strong chemical gradients in the different zones of the metasomatic column are characterized
by a change in the composition of phlogopite (Figure 15; [78,79]). From zone 6 to zone 2, the Al and Fe
contents decrease while Si and Mg increase. This evolution is discontinuous and two abrupt changes
are observed, one at the front of zones 6/5, where the evolution corresponds to an increase in Si and
Mg and a decrease in the Al, Fe, and Na contents and the other within zone 4. Such pattern of evolution
are coherent with infiltration metasomatism. The potassium content remains constant in zones 6 and 5,
suddenly decreases within zone 4, and remains constant up to zone 2.

Over the whole column, the F content of phlogopite is in the range of 1.3 to 4 wt.% and the highest
values are observed in the phlogopite of the outer zone that has the highest Mg/ (Fe + Mg) ratios,
in agreement with the so-called “Fe-F avoidance effect” [80].
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Figure 14. The metasomatism related to fluid circulation between aplopegmatite dikes and
mafic-ultramafic rocks: (a) Metasomatic column formed by different mineralogical zones (zones 7 to 2)
developed around a central pegmatite vein crosscuting serpentinites, Bratlia prospecting pit, Carnaiba;
(b) vein-like metasomatic rocks and their mineralogical composition. The pegmatite is transformed into
plagioclasite (zone 7) and the metasomatic rocks consist of six zones, from the desilicated pegmatite
to the enclosing serpentinite (zones 6 to 2). Emerald is found in the plagioclasite and in zones 6
(coarse-grained phlogopitite) and 5 (fine-grained phlogopitite). Zone 1 is the protolith formed by the
serpentinite (not seen on the photograph); (c) solids and fluid inclusion in emeralds from zones 7 and 6
(Photographs: Dietmar Schwarz and Gaston Giuliani).
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Figure 15. Evolution of the phlogopite composition in the phlogopitites of the different metasomatic
zones (zones 6 to 2, see Figure 14 for the repartition of the different zones from the plagioclasite to
the serpentinite) at Braulia prospecting pit, Carnaiba mine, Brazil. Composition calculated in atom
per formula (electron microprobe data from [79]). From the inner to the outer zones, phlogopite
composition evolves with a continuous or discontinuous decrease in the Al and Fe contents and an
increase of the Si and Mg contents and K/ Al ratio, corresponding to changes in the petrographic
habitus of the phlogopite.

Chromium contents are usually very low (<0.05 wt.%) in zones 6 and 5 and present a peak (up to
0.7 wt.%) at the front of zones 5/4, at the place where the first crystals of chromite are observed.
In the outer zones 4 to 2, the Cr contents of phlogopite are nearly constant (0.25 wt.%). Chromium
dispersed in the original rock can be concentrated at the front advancing outwards, like a “sweep
effect” [81]. The almost uniform Cr content of phlogopite in the outer zones, 4 to 2, may result
from the establishment of a exchange equilibrium between mica and chromite, Cr behaving as an
inert component.
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Mass transfer calculations show that the infiltration metasomatism in serpentinites is accompanied
by important transfers of material, concerning mainly Al, K, F, Si, Mg, Ca, and HyO (Figure 16).
The strong enrichment in K, Rb, Li, Be, Nb, P, and F suggests that the metasomatic fluids have a
magmatic origin, since some of these elements (including Rb, Nb, and Be) behave incompatibly during
magmatic differentiation.
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Figure 16. Mass balance calculations realized on the metasomatic column at Bode prospecting pit,
Carnaiba mine, Bahia, Brazil (modified from [79]). Chemical mass balance was realized on major
elements’ molar composition (in millimoles/100 cm?) of the different metasomatic zones (1 to 5 + 6). Tt
indicates the supply of many elements, such as K, Si, Al, and F, over the whole column, and Fe, in the
inner most zones of 6 and 5, the leaching of Mg and Ca from the outer to the inner zones.

The association of phlogopitite—plagioclasite corresponds to a “bimetasomatic system” in the
sense given by [82]. The hydrothermal solutions that developed the potassic metasomatism in the
serpentinites (phlogopitites) are alkaline, undersaturated with respect to microcline and quartz of the
intrusive aplopegmatite, and albitizing.

The occurrence of emeralds is considered to be due to the efficiency of the metasomatic trap rather
than a significant magmatic pre-enrichment in Be. The occurrence of strong chemical gradients in the
zones of preferential circulation of the solutions (zones 6 and 5 of the exo-phlogopitites, plagioclasites,
and endo-phlogopitites) constitutes highly favorable conditions for the beryl formation.

Elevated temperature and alumni and silica activities are the main factors for emerald formation
in the IA sub-type (Figure 17). At high temperatures (T > 600 °C) and medium to high silica activity,
beryl, phenakite (Be;SiO4), and chrysoberyl (BeAl,Oy) are stable [53]. Emerald occurs in quartz veins,
such as at the Kafubu deposits in Zambia [50,70], or greisens (an association of quartz and white
micas), such as at the deposits of Delbegetey in Kazakhstan [51] and Khaltaro in Pakistan [83]. At lower
silicate activities, albite is always stable and emerald is replaced by alexandrite (Cr-chrysoberyl) +
phenakite. This is the case for emerald-bearing desilicated pegmatites in M-UMR, such as in Russia
and Brazil. At higher Al,Oj5 activities, corundum can crystallize, such as at the Poona emerald deposit
in Australia [84].
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Figure 17. The ternary diagram of BeO-Al,03-5SiO, visualises the major types of emerald deposits as a
function of their typical mineral assemblages, such as alexandrite, euclase, phenakite, and corundum
(‘BASH’ system modified from [53]). Follow the discussion in the text.

The classic model of these granitic-metasomatic deposits presents much variability in terms of the

geometry, chemical composition of the rocks, geological contacts, etc.:

1.

At the Tsa da Gliza deposit in Canada, Be-bearing magmatic fluids from the neighboring granite
reacted with the Cr- and V-bearing M-UMR [46]. Emeralds formed in aplite, pegmatite, and quartz
veins surrounded by biotite schists. There is a continuum between the crystallization of granitic
rocks, fluid rock-interaction, and emerald formation (Figure 18).

In the Kafubu area in Zambia (Figure 1c), emerald is found predominantly in metamorphosed
M-UMR with phlogopite schist or in quartz-tourmaline veins adjacent to pegmatites.

At the Sandawana deposit in Zimbabwe, pegmatites intruded the M-UMR, but they are folded
and fluid circulation in shear zones formed phlogopite schist. The fluid-rock interaction is coeval
with the regional deformation [52]. Such phenomena are also found in the Carnaiba deposits in
Brazil, where the dissolution of quartz from pegmatite is common [76].

At the Ianapera deposit in Madagascar, two coeval emerald deposits coexist (Figure 19; [11]):
(1) A proximal one, formed at the contact between pegmatites and UMR; and (2) a distal one,
hosted in biotite schist in fractures developed in mafic rocks with widespread fluid circulation
affecting all the geological formations. Similarly, the Trecho Novo and Trecho Velho deposits at
Carnaiba, Brazil [78] are also distal in nature.
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Figure 18. Genetic model proposed for the emerald mineralization at Tsa da Glisza, Yukon
Territory, Canada.
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Figure 19. Schematic representation of the two styles of mineralization evidenced for the lanapera
emerald deposit, Madagascar: (1) Proximal mineralization occurs at the contact of pegmatite veins
with ultramafic units. Emerald mineralization is hosted in metasomatic phlogopitite and desilicated
pegmatites or quartz-tourmaline veins, at the contact between migmatitic gneiss and garnet amphibolite;
(2) distal style is formed by phlogopite veins crosscutting mafic rocks. In addition to phlogopite, these
veins contain Mg-amphibole, apatite, and dolomite, and minor quartz, calcite, zircon, plagioclase,
and chlorite.
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6.1.2. Sub-Type IB: Tectonic Magmatic-Related Emerald Deposits Hosted in (Meta)-Sedimentary Rocks
(China, Canada, Kazakhstan, Norway, Australia; See Table 2)

These emerald occurrences are associated with granites that intrude sedimentary or meta-
sedimentary lithologies. These deposits are generally sub-economic and several variants are described,
depending on the nature of the host-rocks and the mineralization styles.

1. At Dyakou (China), the Lower Cretaceous porphyritic granite intruded biotite granofels,
quartzite, gneiss, and plagioclase amphibolite of Lower and Upper Neoproterozoic formations.
The intrusion formed skarns and dyke swarms of quartz veins, which are crosscut by
pegmatites [85]. Emerald in quartz veins is less abundant than in the pegmatites, but of higher
quality (Figure 1b). Some pegmatites show a local zoning with an outer zone enriched in
K-feldspar and an inner zone of emerald and quartz.

2. Atthe Lened V-rich emerald occurrence (Canada), Be and other incompatible elements (i.e., W,
Sn, Li, B, and F) in the emerald, vein minerals, and surrounding skarn were derived during
the terminal stages of crystallization of the proximal Lened pluton [21,47]. Decarbonation
during pyroxene-garnet skarn formation in the host carbonate rocks probably caused local
overpressuring and fracturing that allowed ingress of magma-derived fluids and formation of
quartz-calcite-beryl-scheelite-tourmaline-pyrite veins. The vein fluid was largely igneous in
origin, but the dominant emerald chromophore V was mobilized by metasomatism of V-rich
sedimentary rocks (avg. 2000 ppm V) that underlie the emerald occurrence [21].

3. At Delbegetey (Kazakhstan), the emerald mineralization is confined to the granite that hornfelsed
carboniferous sandstones. Emerald is found in muscovite greisen formed in the wall-rocks of
muscovite-tourmaline-fluorite-bearing quartz veins [51].

4. At Eidswoll (Norway), the emerald Byrud Géard mine is related to Permo-Triassic alkaline
intrusions. The V-bearing emerald occurs in Middle Triassic pegmatite veins that intruded
Cambrian Alum shales and quartz syenite sills [20]. Vanadium and Cr were probably leached
from the alum shales by the mineralizing fluids [13].

5. At Emmaville-Torrington (Australia), emerald is located in pegmatite, aplite, and quartz veins
associated with the Mole granite. The granite intrudes a Permian metasedimentary sequence
consisting of meta-siltstones, slates, and quartzites [19]. The emerald-bearing pegmatite veins
contain quartz, topaz, K-feldspar, and mica. Emerald is embedded in cavities and surrounded by
dickite in the quartz-topaz veins. In the quartz lodes, emerald is associated with Sn-W-F minerals.
At the Heffernan’s Wolfram mine, emerald occurs with wolframite in vugs in the pegmatites [86].

6.1.3. Sub-Type IC: Tectonic Magmatic-Related Emerald Deposits Hosted in Peralkaline
Granites (Nigeria)

These emerald occurrences are located in the Jurassic younger granite ring complexes of
the anorogenic magmatism of Nigeria [68]. These granites crystallized in a volcanic-subvolcanic
environment. They are generally peralkaline with perthitic K-feldspar, sodic amphiboles, and alkaline
pyroxene. The roof zone of the intrusions is characterized by disseminated tin, tungsten, niobium,
tantalum, and zinc mineralization related to sodic or potassic metasomatism, sheeted quartz vein
systems, pegmatite pods and veinlets, replacement bodies, and fissure-filling veins (Figure 20).
The emerald mineralization is located in sporadic pegmatitic pods with quartz and feldspar, as well
as topaz and gem quality aquamarine. The source of chromium for the emerald is debated, but it
could be the consequence of the mode of emplacement of the granites, which involved mechanisms of
underground cauldron subsidence. The caldera produced ignimbrite, rhyolite, and thin Cr-bearing
basic flows, which collapsed during doming or swelling and intrusion of the younger granites.
Assimilation of the previous basic volcanic rocks or local fluid interaction between the pegmatites and
the basic flows could have enriched the metasomatic fluids in Cr and Fe, resulting in the formation of
emerald-aquamarine beryls.
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Figure 20. Ring complexes of Nigeria and emerald mineralization. Idealized cross-section showing
structural setting and styles of mineralization.

6.2. Tectonic Metamorphic-Related (Type II)

Type II deposits are found in metamorphic environments with facies varying from high anchizone
metamorphic illite crystallinity (Colombian black shales) to medium pressure conditions where the
most exposed metamorphic rocks belong to the greenschist (ex: Swat talc-carbonate schist, Pakistan),
amphibolite (ex: Habachtal metamorphic series, Austria), and up to granulite facies, with local partial
melting of the rocks (migmatites of Hiddenite, USA). The majority of these deposits are characterized
by the absence of granitic intrusions, and the deposits are linked to the circulation of fluids and
metasomatism in thrusts, shear zones, or vein systems. Four sub-types are proposed in the new
classification of emerald deposits (ITA, IIB, IIC, and IID).

6.2.1. Sub-Type IIA: Tectonic Metamorphic-Related Emerald Deposits Hosted in M-UMR (Brazil,
Austria, Pakistan; See Table 1)

The Brazilian emerald deposits are partly associated with shear-zones cross-cutting M-UMR.
The absence of a magmatic influence in their formation is constrained by field, geochemical, fluid
inclusion, and stable isotope studies [15,76]. This is the case for the Santa Terezinha de Goids deposit
and the occurrence of Itaberai. The economic importance of this deposit type is waning due to smaller
emeralds, emerald dissemination, and higher artisanal mining cost and today represents only 4% of the
total production of Brazil. The main Brazilian production is from type I deposits in Minas Gerais (74%)
and Bahia (22%) [87]. Nevertheless, type IIA must be considered when prospecting in the Archean and
Precambrian volcano-sedimentary series or greenstone belts.

1.  The Santa Terezinha de Goias deposit, located in central Goias, produced 155 tons of emerald
between 1981, date of the discovery, and 1988 [88]. The emerald grade was between 50 and 800 g/t.
The infiltration of hydrothermal fluids is controlled by tectonic structures, such as the thrust
and shear zones (Figure 21a). Pegmatite veins are absent and the mineralization is stratiform
(Figure 21b). Emerald is disseminated within phlogopitites and phlogopitized carbonate-talc
schists of the metavolcanic sedimentary sequence of Santa Terezinha [88-90]. Talc-schists provide
the main sites for thrusting and the formation of sheath folds [91]. Emerald-rich zones are
commonly found in the cores of sheath folds and along the foliation (Figure 21c). Two types of
ore can be distinguished [88]: (i) A carbonate-rich ore composed of dolomite, talc, phlogopite,
quartz, chlorite, tremolite, spinel, pyrite, and emerald; (ii) a phlogopite-rich ore composed of
phlogopite, quartz, carbonates, chlorite, talc, pyrite, and emerald.

The distal Sao José two-micas granite, located 5 km from the emerald deposit, is a syntectonic
foliated granite, which underwent a polyphase ductile deformation coeval to that observed in the
emerald deposit [92]. C and S structures in the granite indicate shear deformation along a typical
frontal thrust ramp and the granite overthrusted the Santa Terezinha sequence where the emerald
deposit is located. D’el-Rey Silva and Barros Neto [92] suggested that the granite most probably
was the source of Be for the formation of emerald in the Santa Terezinha de Goias deposit.
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Figure 21.

The Santa Terezinha de Goids (Campos Verdes) emerald deposit, Goias, Brazil:

(a) Carbonated and phlogopite-rich emerald ores. The phlogopite schists (phls) underline the foliation
of the talc-carbonate schists (Tcl-Cbs); (b) carbonates lenses (Dol) are observed within the talc-carbonate
schists (Tcl-Cbs). The phlogopitisation affects the carbonated-talc-schists and the talc-carbonate-chlorite
schist (Tcl-Cb-Chls) showing the “bed-by-bed” fluid injection along foliation planes; (c) structural
evolution of the Santa Terezinha volcano-sedimentary sequence and the controls of the emerald
mineralization on the basis of the structural study done on the Trecho Novo 167 underground mine
(EMSA company property). Photographs: Gaston Giuliani.
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2. The Habachtal deposit in the Austrian Alps has been studied in detail [77,93-97]. This alpine
deposit is located in a contact zone, which overthrusts the volcano-sedimentary series of
Habachtal (Habach Formation) on the ortho-augengneisses (central gneisses). The Paleozoic
Habach formation is composed of a series of amphibolites, acid metavolcanics tranformed
in muscovite schists, and black pelites with interlayered serpentinites and talc series.
Two metamorphic events, one occurring before the Alpine event (P <3 kb and T <450 °C) and
one occuring during the Alpine event (4.5 < P < 6 kb and 500 < T < 550 °C) were superimposed.
The mineralized “blackwall zone”, the equivalent of a phlogopitite, is a tectonic or shear zone
100 m wide, formed from UMR (serpentinites) pinched between orthogneisses and amphibolites.
Emerald is disseminated in the “blackwall zone” phlogopitites, talc-actinolite, and chlorite schists.
The metasomatic process involves fluid percolation that extracted Be from the muscovite schists
(average Be content = 36 ppm) and Cr from the serpentinites (Cr content = 304 ppm) to facilitate
the crystallization of emerald (Figure 22). Fluid inclusions trapped by emerald belong to the
H,0-CO,-NaCl system [96] with two generations of fluid inclusions: An early generation (XCO,
<4 vol.%) and a late one (XCO, up to 11 vol.%). Emerald-metasomatic fluids were related to
hydration phenomena due to the alpine metamorphism [96].
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Figure 22. Model of formation of the Habachtal emerald deposit: (1) Initial stage showing the different
lithologies with their respective Be contents; (2) final stage after regional metamorphism showing the

final metasomatic rocks assemblages; (3) beryllium liberated from the muscovite schists is incorporated

into the emerald crystals.
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3. The Swat-Mingora—Gujar Kili-Barang deposits are controlled by the Main Mantle
Thrust [86,98-100]. The suture zone that marks the collision of the Indo-Pakistan plate with
the Kohistan arc sequence is composed of a number of fault bounded rock melanges (blueschist,
greenschist, and ophiolitic melanges).

The ophiolitic melange, which hosts the Pakistani emerald deposits, is composed mainly of
altered ultramafic rocks with local cumulate, pillow lavas, and metasediments. Emerald occurs within
hydrothermally altered serpentinites that show metasomatic zoning [100]: An outer zone composed of
talc-magnesite & chlorite + micas; an intermediate zone consisting of talc-magnesite with dolomite
veins; and an inner zone with dolomite-magnesite-talc schists and quartz-dolomite 4 tourmaline +
fuschite veins. Emerald occurs disseminated in the inner and intermediate zones within or spatially
associated with quartz-carbonate veins. Dilles et al. [100] obtained a **Ar/3Ar Oligocene age of
23.7 £ 0.1 Ma for a fuchsite-quartz vein in the Swat emerald deposit.

Isotopic study of magnesite from the outer zone showed that the mineral association resulted
from early metamorphic fluids [101], whereas the inner and intermediate zones resulted from the
infiltration of hydrothermal fluids, which carried Si, Be, B, K, and Ca. Chromium came from the
dissolution of chromite crystals in the serpentinites. Arif et al. [102] analysed Cr, Be, B, and other trace
element contents in the ophiolitic rocks of the Indus suture zone in Swat. They showed that the Cr
present in the Cr-bearing silicates (emerald, Cr-tourmaline, and Cr-muscovite) was derived from the
original protolith. Beryllium and boron enrichments were found only in M-UMR affected by fractures
and fluid circulation. In addition, analyses of small granitic dykes cutting granitic gneisses showed
extreme B and Be enrichment. In consequence, Arif et al. [102] argued that the Be and B are sourced
from a probable hidden leucogranite in depth.

6.2.2. Sub-Type IIB: Tectonic Metamorphic-Related Emerald Deposits Hosted in Sedimentary Rocks:
Black Shales (Colombia, Canada, USA; Table 2)

Colombian emerald deposits are unique. Why?

The Colombian emerald deposits are located on both sides of the Eastern Cordillera sedimentary
basin, with an eastern zone comprising the mining districts of Gachald, Chivor, and Macanal, and a
western zone, including the mines of La Glorieta-Yacopi, Muzo, Coscuez, La Pita, Cunas, and Pefias
Blancas (Figure 23). Their distribution along both sides of the basin ensures abundant production of
high-quality emerald. These deposits are unique because there is no connection with granites in their
formation [103,104].

The emerald mineralization is hosted in Lower Cretaceous (135-116 Ma) sedimentary rocks
composed of a thick succession of sandstone, limestone, black shale, and evaporites. The salt and
sulphate rocks were necessary for the formation of emerald. These intercalations of evaporites
are found both in the Guavio (Figure 24) and Rosablanca formations, in the eastern and western
emerald zones, respectively. The evaporites are responsible for the high salinity of the basinal brines
(~40 wt.% equivalent NaCl) and the circulation of HyO-NaCl-CO,-(Ca-K-Mg-Fe-Li-50;) fluids trapped
by emerald during its growth ([105]; Figure 25).

The tectonic-sedimentary evolution of the Eastern Cordillera basin is unique (Figure 26).
The formation of the emerald deposits is related to changes in the acceleration and convergence
of the Nazca and South American plates that took place at: (1) 65 Ma, forming the emerald deposits on
the eastern side of the basin [106]; and at (2) 38-32 Ma, generating the Muzo and Coscuez deposits on
the western side [103]. Formation at different ages and conditions resulted in two drastically different
styles of mineralization in the eastern and western emerald zones [107,108].
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Figure 23. Simplified geological map of the basin from the Eastern Colombian Cordillera. The emerald
deposits are hosted by Lower Cretaceous sedimentary rocks forming two mineralized zones located,
respectively, on the eastern and western borders of the basin. On the western border, with the mining
districts of La Glorieta-Yacopi, Muzo, Coscuez, La Pita, Cunas, and Pefias Blancas, and on the eastern
border are Gachald, Chivor, and Macanal.

.’3/'

black shales

Figure 24. Evaporites in the the Chivor mining area: (a) The gypsum deposits present decametric lenses
of white gypsum/dolostone alternations hosted in a black matrix made of crushed and dismembered
black shales similar to the main evaporitic regional breccia level in emerald deposits; (b) Dolomicritic
beds are in alternation with nodulated beds of gypsum. Photographs: Yannick Branquet.

In the eastern emerald deposits, the Chivor mining district presents extensional structures
extending from a brecciated regional evaporitic level (Figure 27), which acted as a local, gravity-driven
detachment [107,108]. The brecciated rock unit in the Chivor area, which is in excess of 10 km long
and 10 m thick (Figure 28a,b), is stratabound, i.e., parallel to the sedimentary strata, and dominantly
composed of hydrothermal breccia (Figure 28c) made up of fragments of the hanging wall (carbonated
carbon-rich BS, limestone, and whitish albitite (albitized black shale)) cemented by carbonates and
pyrite (Figure 28d).
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Figure 25. Highly saline basinal fluids trapped by fluid inclusions in Colombian emerald is strong
evidence for the evaporitic origin of the mineralizing fluid: (a) Emerald from Oriente mine in Chivor
(Eastern emerald zone). Primary multi-phase fluid inclusion trapped in an emerald. The cavity, 180 pm
long, contains from the right to the left, two cubes of sodium chloride (halite), a rounded gas bubble,
and two minute crystals of calcite all of which are wetted by a salty water occupying 75 vol.% of the
cavity; (b) emerald from Coscuez (western emerald zone). The cavity, 40 um long, contains 75 vol.% of
salt water solution, 10 vol.% of gas corresponding to the vapour bubble, 15 vol.% of cubic halite crystal
(NaCl), and a rounded crystal of carbonate (on the right of the cavity). The vapour phase is rimmed by
liquid carbon dioxide. Photographs: Hervé Conge.
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Figure 26. Basin development and tectonic history of the Llanos and Eastern Cordillera basins,
and Middle Magdalena Valley in Colombia (modified from [109]). Four episodes of deformation
have been recognized in the Tertiary of central Colombia: (1) Late Cretaceous—early Paleocene, with the
formation at 65 Ma of the emerald deposits from the eastern zone; (2) middle Eocene with the creation
of folds and thrusts in the Middle Magalena valley and western border of the Eastern Cordillera
basin, and with the formation, between 38-32 Ma, of the emerald deposits from the western; (3) late
Oligocene—early Miocene; and (4) late Miocene—Pliocene at 10.5 Ma where the Eastern Cordillera was
uplifted and eroded, with the outcropping of the emerald deposits from the eastern and western
emerald zones.
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Figure 27. Deposits from the eastern emerald zone in Colombia:(a) Simplified geological map of the
Eastern Cordillera with the location of the main emerald deposits. Inset is the location of Figure 27b;
(b) geological map of the Chivor area. All emerald and gypsum deposits and occurrences are hosted
within the Berriasian Upper Guavio Formation.
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Figure 28. The Chivor mining area: (a) Geological cross-section through the Chivor emerald deposits;
(b) south-eastern field view of the cross-section; (c¢) Chivor Klein pit. Upper contact of the main breccia
level (in black) with albitites (1). The transport of clasts of albitite (2) within the breccia is marked by
tails; (d) Oriente deposit. Polygenic breccia formed by clasts of albitite and black shales, cemented by
pyrite, carbonates, and albite; (e) Oriente deposit. Carbonate-pyrite-emerald-bearing veins crosscutting
albitite showing some remnants of black shale. Photographs b to d: Yannick Branquet; Photograph e:
Gaston Giuliani.
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All the mineralized structures, i.e., sub-vertical veins, extending from the roof of the brecciated
level (Figure 28e), are mineralized listric faults that attest of the bulk extensional structures extending
from the brecciated regional evaporitic level. At 65 Ma, to a small amount of horizontal stretching a
large flow of hydrothermal fluids responsible for emerald deposition occurred through the regional
evaporitic level. The observed structures of the breccia are diagnostic of hydraulic fracturing associated
with the evaporite solution within the salt-bearing main breccia level. At the Cretaceous—Tertiary
boundary, the overburden of the Guavio Formation in the Chivor area was about 5-6 km [110].
At that time, the area was slightly uplifted in an incipient foreland bulge [111]. This was [111]
interpreted as extensional structures observed in the emerald deposits, resulting from flexural extension.
Following this model, the emerald-related hydrothermal event recorded an abrupt change in the
thermal and dynamic conditions of the Eastern Cordillera basin, which triggered regional-scale hot,
deep, and over-pressured brines migration [110].

The western emerald deposits, such as Muzo (Figure 29a) and Coscuez (Figure 30), are
characterized by compressive fold and thrust structures formed along tear faults. These tectonic
structures are synchronous with the circulation of the hydrothermal fluids and emerald deposition.
The deposits are hectometre-sized at most and display numerous folds, thrusts, and tear faults [112].
In the Muzo deposit, thrusts are marked by the calcareous BS, which overly siliceous BS (Figure 29b).
All the tectonic contacts are marked by cm- to m-thick hydrothermal breccia called “cenicero”, i.e.,
ashtray, by the local miners (Figure 29¢,d). These white- or red-coloured breccias outline the thrust
planes, which are associated with intense hydraulic fracturing due to overpressured fluids [113].
Multistage brecciation corresponds to successive fault-fluid flow pulses and dilatant sites resulting
from shear-fracturing synchronous to the thrust fault propagation.
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Figure 29. Tectonic style and lithologies of the Muzo emerald mining district, western emerald zone:
(a) Geological map produced between 1994 and 1996. U1 through U4 represent the different tectonic
units. The units, U1, U2, and U4, are comprised of barren siliceous black shales (cambiado), while U3 is
composed of emerald-bearing calcareous carbon-rich black shale; (b) Tequendama mine cross-section
along x-y (see Figure 29a). The cross-section shows the different lithologies and tectonic structures
described by [112] and [107,113]. The thrusts and tear faults are associated with the presence of
breccia, extensional veins, and related potential zones for trapiche emerald in the wall-rock dislocations
and hydrothermal alteration [114]; (c) thrust verging NNW at Tequendama mine. The SSE dipping
calcareous black shale unit (a) thrusts over the NNW dipping siliceous black shale unit (b). The siliceous
beds are truncated at high angles by the thrust plane characterized by a hydrothermal breccia (c) and a
thrust-parallel vein (d). Photograph: Gaston Giuliani; (d) texture and mineralogy of a thrust-parallel
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and layered breccia called “cenicero” by the miners, outcrops of Puerto Arturo in 1994—95, Tequendama
mine [107,113]. Layering of the breccia zoning: 1 = carbonate thrust vein; 2 = cemented breccia with
pyrite and calcite crystals; 3 = tectonically reworked breccia with a red melange cemented by pyrite
and ankerite; 4 = red layer totally cemented by pyrite and ankerite (“cenicero rojo”); 5 = pure pyrite
layer (“cordén piritoso”). CBS = calcareous black shale; SBS = siliceous black shale.

SSW
1400m | COSCUEZ DEPOSIT|  Emerald

mineralization
A

1300 m| La Amarillal . EM

Thrust
1200 m

1100 m

1000 m—

: 7
m== Siliceous black shales 7
L Calcareous black shales _ )
200 m = Dolomitic limestones === Tectonic breccia

Amarillal

Figure 30. Tectonic style and lithologies of the Coscuez emerald mining district, western emerald
zone: (a) General view of the Coscuez deposit in 1996. Photograph: Gaston Giuliani; (b) geological
cross-section of the Coscuez deposit showing the lithostratigraphic column of the formations and
the tectonic style marked by thrusts and faults. The emerald mineralization is linked to tectonic
hydrothermal breccia zones, faults, thrusts, and stockwork veins [107,113].

The thermal-reduction of sulphate, at 300-330 °C, in the presence of organic matter in
the black shale during the formation of the emerald-bearing veins is unique for Be-bearing
mineralization [104,115]. Sulphates (SO4%~) in minerals of evaporitic origin are reduced by the organic
matter of the BS to form hydrogen sulphide (H,S) and hydrogen carbonate bounding (HCO3™),
which are responsible for the precipitation of pyrite, carbonates, and bitumen in the veins via the
following reactions:

(CH,0), + SO42~ (evaporitic origin) — Rb (pyrobitumen) + 2HCO3™ + H,S 3)
HCO;™ + Ca%* — CaCOj (calcite) + H* 4)

2HCO;3 ™ + CaZ* + Mg?* — CaMg(CO3), (dolomite) + 2H* (5)

7H,S + 4Fe?* + S0,> — 4 FeS, (pyrite) + 4H,0 + 6H* (6)

The consequence of pyrite precipitation is the depletion of iron in the fluid prior to emerald
precipitation. This impacted the gemmological features of the emerald as follows: (i) Iron-free
absorption spectra with sharp Cr-V bands; (ii) iron-poor chemical fingerprinting; and (iii) optical
properties that correlate with the low trace elements content [116].

Although, as noted above, the emerald deposits in Colombia are unique, two minor occurrences
that show similar recipes for emerald formation have been reported:

1. An emerald occurrence was described near Mountain River in the northern Canadian
Cordillera [117]. These emerald veins are hosted within siliciclastic strata in the hanging wall of
the Shale Lake thrust fault. The emerald formed as a result of inorganic thermal-chemical sulphate
reduction via the circulation of deep-seated hydrothermal carbonic brines through basinal
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siliciclastic, carbonate, and evaporitic rocks (Figure 31). The deep-seated H,O-NaCl-CO,-N,
brines, with a salinity up to 24 wt.% equivalent NaCl, were driven along deep basement
structures and reactivated normal faults related to tectonic activity associated with the
development of a back-arc basin during the Late Devonian to Middle Mississippian (385-329 Ma).
The Mountain River emerald occurrence thus represents a similar and small-scale variation of the
Colombian-type emerald deposit model [117].

Three emeralds were reported in the Uinta Mountains in Utah, USA [118,119]. The discovery was
realized in the Neoproterozoic Red Pine shale, which is overlain by Paleozoic carbonate rocks.
Based on the study of fibrous calcite hosted by the Mississippian carbonate units, subjacent to
the hypothetic emerald-bearing shale, [120] proposed an amagmatic process for the formation of
emeralds. The authors combined their chemical and isotope data on calcite, limestone, and the
Red Pine shale using a model of formation similar to the Colombian type and involving thermal
reduction of sulphates between 100 and 300 °C. Emeralds were not described [120] and one can
question their existence in the Uinta Mountains. No one has described these emeralds since the
discovery of [118].
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Figure 31. Idealized schematic model for the emerald mineralization of the Mountain River emerald
occurrence located in Devonian to Mississippian platform sediments [117]. Emerald resulted from
inorganic thermochemical sulphate reduction (light blue arrow) via the circulation of brines along
a reactivated normal fault (dark blue arrow). The high-salinity brines result from the dissolution of
evaporites lenses in the sediments. Be, V, Sc, and Fe were mobilized from the sedimentary formations
(pinkish arrows).

6.2.3. Sub-Type IIC: Tectonic Metamorphic-Related Emerald Deposits Hosted in Metamorphic Rocks
Other than M-UMR and Black Shales (Afghanistan, China, USA; Table 2)

This sub-type includes emerald-bearing quartz vein and veinlet deposits located in medium

pressure metamorphic rocks from the greenschist to granulite facies:

1.

The Panjsher emerald deposits in Afghanistan (Figure 1a) are located in the Herat-Panjsher
suture zone along the Panjsher Valley. The suture zone, which marks the collision of the
Indo-Pakistan plate with the Kohistan arc sequence, contains a number of faults, such as the
Herat-Panjsher strike-slip fault, which was mainly active during the Oligocene-Miocene [121].
The emerald deposits lie southeast of the Herat-Panjsher Fault in the Khendj, Saifitchir,
and Dest-e-rewat Valleys. The deposits are hosted in the Proterozoic metamorphic basement
formed by migmatite, gneiss, schist, marble, and amphibolite. The basement is overlain to
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the northwest by a Paleozoic metasedimentary sequence crosscut by Triassic granodiorite [86].
During the Oligocene, the Proterozoic rocks of the Panjsher valley were affected by the
intrusion of granitoids [86] 20 km north and south of the emerald mining district [122].
The emerald deposits are hosted by metamorphic schists that have been affected by intense
fracturing, fluid circulation, and hydrothermal alteration, resulting in intense albitization and
muscovite-tourmaline replacements [122]. Emerald is found in vugs and quartz veins associated
with muscovite, tourmaline, albite, pyrite, rutile, dolomite, and Cl-apatite [122]. Ar-Ar dating on
a muscovite from the emerald-bearing quartz veins at the Khendj mine gave an Oligocene age of
23 + 1 Ma [123]. At the moment, the sources of Cr and Be remain unclear.

2. The Davdar emerald deposit is located in the western part of Xinjiang Province, China.
The deposit is formed by emerald-bearing quartz-carbonate veins associated with a major
northwest-southeast trending fault zone [18]. The deposit is hosted by lower Permian
meta-sedimentary rocks, including sandstone, dolomitic limestone, siltstone, and shale, which
have been metamorphosed at upper greenschist conditions [124] to produce metasedimentary
host rocks, which include quartzite, marble, schist, and phyllite, prior to the emplacement of
the emerald-bearing veins. Basaltic dykes of an unknown age, which are up to 10 m wide and
crop out along strike lengths of up to 200 m, are the only intrusive igneous rocks known in the
area. The dykes are emplaced along the northwest-southeast fault zone; no visible contacts are
exposed between the dykes and the emerald-bearing veins. The emerald-bearing veins, which
are up to about 20 cm wide, contain epidote, K-feldspar, tourmaline group minerals, carbonates,
and iron oxides. Quartz and emerald crystals up to a few centimeters long are found in the veins.
Alteration haloes up to a few cm wide occur around the veins. In the sandstone and dolomitic
limestone, the alteration halo is barely visible, but it is conspicuous as a bleached white halo in the
phyllite. The alteration halo is generally enriched in fine-grained silica with variable amounts of
quartz, biotite, muscovite, feldspar, carbonate, and tourmaline. It is representative of a retrograde
metamorphic assemblage typical of greenschist facies minerals (epidote, plagioclase, potassic
feldspar, quartz, biotite, and chlorite). Emerald typically occurs in the quartz veins and not in the
host rocks or the alteration haloes.

3. Hiddenite emerald was discovered in North Carolina northeast of the community of Hiddenite in
1875. Since then, a number of notable samples have been discovered, primarily from the Rist and
North American Gem mines [125]. Over 3500 carats of emerald were extracted from the latter
in the 1980s, including the 858 ct (uncut) “Empress Caroline” crystal [126]. At the Rist property
the emeralds occur in quartz veins and open cavities (50% of the veins) that occupy NE-trending
sub-vertical fractures in folded metamorphic rocks [126,127]. The hiddenite area is underlain by
Precambrian migmatitic schists, gneisses, and interlayered calc-silicate rocks, metamorphosed in
the upper amphibolite facies. The area is locally intruded by the Rocky face leucogranite. The
quartz veins range in size from 2 to 100 cm wide, 30 cm to 7 m long, and 10 cm to 5 m high.
Most of the veins are not interconnected and represent tensional gash fractures that sharply
crosscut the prominent metamorphic fabric of the host rocks, suggesting that they formed during
late or post metamorphic brittle-ductile deformation [126]. Wise and Anderson [127] identified
four cavity assemblages: (1) An emerald-bearing assemblage composed of albite, beryl, calcite,
dolomite, siderite, muscovite, cryptocrystalline quartz, rutile, and sulfides with clays; (2) a
Cr-spodumene-bearing assemblage, which includes calcite, muscovite, and quartz. The green
Cr-bearing spodumene, locally referred to as “hiddenite”, occurs in only minor amounts; (3) a
calcite assemblage dominated by calcite and quartz; and (4) an amethyst assemblage characterized
by amethystine quartz, calcite, muscovite, and chabazite. Emerald and spodumene rarely occur
together in the same vein or cavity. Within the emerald-bearing cavities, beryl crystals up to
20 cm in length are closely associated with dolomite, muscovite, and quartz. The crystals are
typically color-zoned with a pale green to colorless core and an emerald-green rim. Speer [126]
described the veins and reported that the emeralds occur as free-standing crystals attached to
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cavity walls and as individual collapsed fragments. The collapsed crystals that have fallen from
walls of the cavities show cementation phenomena, while the attached crystals exhibit dissolution,
re-growth, and over-growth. Bleached wall-rock alteration halos up to 9 cm wide and rich in silica
and chlorite are commonly peripheral to veins and crystal cavities. Wise and Anderson [127]
pointed out that the emerald and Cr-spodumene mineralization in quartz veins and cavities is
similar to what is seen in alpine-type fissures. In the absence of a pegmatitic or granitic body,
the source of Be and Li remains in question; the source of Cr and V is also uncertain, given that
M-UMR are unknown in the area. Speer [126] specified that the veins originated as hydrothermal
filling of tensional sites during the waning ductile/brittle stages of metamorphism. Apparently,
the geological setting and genesis of the Hiddenite emerald occurrences are unique.

6.2.4. Sub-Type IID: Tectonic Metamorphosed or Remobilized Type IA Deposits, Tectonic Hidden
Granitic Intrusion-Related Emerald Deposits, and Some Unclassified Deposits (Egypt, Australia,
perhaps also Brazil, Austria, Pakistan, Zambia; Table 2)

This sub-type includes deposits probably genetically linked to hidden granitic intrusions
(Swat valley) and those where metamorphism has blurred the distinction between metamorphic
and magmatic origin (Habachtal, Eastern desert in Egypt). This sub-type permits reclassification and
debate on the genesis of several deposits, including the following located in M-UMR:

1. Those for which the genesis is considered to be the consequence of regional metamorphism but
with multi-stage emerald formation (Eastern desert of Egypt).

2. The sub-type IIA (Santa Terezinha de Goias, Habachtal, and Swat Valley) where metamorphic-
metasomatic deep crustal fluids circulated along faults or shear zones and interacted with M-UMR
with apparently no magmatic intrusion.

3. The mineralization stages for the Poona deposit where emerald and ruby are associated.

It is also useful for considering deposits in meta-sedimentary rocks for which insufficient
geological knowledge renders the genesis and classification uncertain (Panjsher Valley and Davdar
deposits) and for the Hiddenite occurrences where the source of Be and origin of the mineralizing
fluids are unknown.

The Egyptian emerald occurrences of Gebels Zabara, Wadi Umm Kabu, and Sikait occur in a
N-W trending band circa 45 km long in the Nugrus thrust [128-130]. The deposits are located in a
volcano-sedimentary sequence featuring an ophiolitic tectonic melange composed of metamorphosed
M-UMR overlying biotite orthogneiss. Syntectonic intrusions of leucogranites and pegmatites occurred
along the ductile shear-zone [43]. The study of [130] described three beryl-emerald generations
that crystallized during magmatic, post-magmatic hydrothermal, and regional-metamorphic events.
The genetic succession was based on chemical and microstructural studies. The original colorless
Cr-poor beryl and phenakite of pegmatite origin has been partly replaced by the formation of Cr-rich
beryl (emerald) through K-Mg metasomatism. At the Gebel Sikait, [130] described the occurrence of
emerald in phlogopitites (i) at the contact between meta-pegmatite, meta-pelite, and meta-greisen
veinlets of up to 10 cm in thickness and (ii) in folded quartz layers. At Gebel Zabara, the emerald is
either in phlogopitites and talc-carbonate-chlorite-actinolite schists present in the serpentinite bodies,
or in quartz veins. At Gebel Umm Kabo, emerald is within phlogopitites in contact with small lenses of
quartz. The dating of phlogopite by K-Ar returned ages of 520 to 580 Ma [131] and by Rb/Sr returned
ages of 591 & 5.4 Ma, confirming the Panafrican orogen.

Based on microtextures, [128,129] suggested that emerald formation occurred during low-grade
regional metamorphism. The emerald formation was controlled in detail by the local availability of
Be present in the beryl-bearing meta-pegmatite and quartz veins, Cr in the meta-M-UMR, and the
metamorphic fluids, all in the context of the late Pan-African tectonic-thermal event. This genetic model
has been challenged [43], who pointed to the intrusions of syntectonic leucogranites with the presence
of greisens and beryl-emerald-bearing pegmatites and quartz veins along the shear zones. Fluid
inclusion studies have shown the presence of HyO-NaCl-CO,-CHy fluids with a salinity between 8 to 22

95



Minerals 2019, 9, 105

wt.% equivalent NaCl and a temperature of homogenization between 260 and 390 °C [43]. The oxygen
isotope data for emeralds were consistent with both magmatic and metamorphic origins for the source
of the mineralizing fluid [132]. Grundmann and Morteani [130] confirmed the existing 5180 values with
new isotopic data in the range of 9.9 to 10.7%o. They concluded that the complex interplay of magmatic
and regional magmatic events during the genesis of the emeralds makes it impossible to relate their
genesis to a particular event. The Pan-African regional metamorphic model is consistent with the
remobilization of syntectonic Cr-poor beryl quartz veins and beryl-phenakite-bearing pegmatites.

The Egyptian emerald occurrence is a good example of the proposed sub-type IID emerald
deposit: Magmatism, deformation, and remobilization by metamorphic-metasomatic fluids of the
mixed Be and Cr reservoirs. The formation of emerald occurred during a regional tectonic event
with the syntectonic intrusion of leucogranites and the injection of pegmatites, thrust and shear zone
deformation accompanied by fluid circulation (with probable mixing of magmatic and metamorphic
fluids), and reaction with rocks of different composition. The remobilization of Be, Cr, and V occurred
at the same time through continuing regional tectonic activity. The oxygen isotopic composition of
emerald with 8'80 values around 10% is similar to the oxygen magmatic signatures found for other
worldwide type IA emerald deposits [132].

With the proposed sub-type IID, the genesis of the Santa Terezinha de Goids, Habachtal, Swat
Valley, and Poona deposits can be discussed and finally classified using the chemistry of the emerald
and O-H stable isotopes.

At the Santa Terezinha de Goias deposit, the ductile-fragile deformation coeval with the
mineralization was strongly assisted by fluids migrating along shear planes under lithostatic fluid
pressure at 500 °C [15]. The O-H isotopic composition of phlogopite and emerald is consistent
with both magmatic (evolved crustal granites) and metamorphic fluids. This hypothesis was also
proposed [133] based on fluid inclusion studies showing the mixing between carbonic and aqueous
fluids. Nevertheless, considering the absence of granites and pegmatites in the underground
mine, which reaches depths of up to 400 m [134], the low beryllium concentration in the Santa
Terezinha volcano-sedimentary series (Be < 2 ppm), the lack of tourmaline in the metasomatic rocks,
the control of the mineralization by shear zone structures, and the CO,-H,O-NaCl-(£N) composition
of the fluids, a metamorphic origin was preferred for the parental fluids of the emeralds [15,76].
The metamorphic hypothesis involves some input of Be-bearing metamorphic fluids released at
the greenschist-amphibolite transition (T = 400-500 °C) or fluids generated at higher grades of
metamorphism and channeled along transcrustal structures at the brittle-ductile transition. Such
specific features are similar to those found for gold deposits in the vicinity of the emerald deposit in
the Goids metallogenetic province. The mineralizing fluids are channeled along lineaments and second
order structures where CO, unmixing, wall-rock interaction, and concomitant ore precipitation are
promoted during temperature and pressure fluctuations.

Chemical analyses of Santa Terezinha de Goias emeralds led [65] and [23] to question the proposed
metamorphic origin [76]. The emeralds have the highest Cs contents ever reported for emerald, with
values between 907 and 980 ppm, and with Li contents between 142 and 155 ppm. The high content of
Cs supports another hypothesis that magmatic fluids mixed with metamorphic fluids [23]. Following
this genetic scheme, despite the absence of pegmatites and granites up to a 400 m depth in the mine
and along the metamorphic strike, the influence of the magmatic fluids is evidenced by the chemistry
of emerald. In such a ductile shear zone environment, the intrusion of felsic granitoids into the
volcano-sedimentary sequences along thrusts is common [135] and could have happened at the Santa
Terezinha deposit. This new chemical result confirms the hypothesis proposed by D’el-Rey Silva and
Barros Neto [92] that the probable source of Be for emerald was the intrusion of syntectonic two-mica
granite at Sao José do Alegre, located 5 km to the southwest of the emerald deposit. Whole rock
Sm/Nd data from the granite and the volcano-sedimentary sequence at Santa Terezinha yielded ages of
510 + 110 Ma (n = 6) and 556 + 77 Ma, respectively [92,136]. 4 Ar/3° Ar ages on phlogopite grains from
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the emerald-bearing phlogopitites yielded ages of 550 4= 4 and 522 4 1 Ma, respectively [137]. These
ages show considerable overlap in a large window, which characterizes the Brasiliano orogenesis [138].

At the Habachtal deposit, the emerald-bearing phlogopitites called the “blackwall zone” are
located at the tectonic contact between the orthogneisses and amphibolites of the Habach group.
The metasomatic “blackwall zone” is formed in sheared melange zones surrounding tectonic lenses of
the serpentinite-talc series at the contact with the tourmaline-garnet-mica-bearing metapelitic unit of
the Habach Group.

Detailed textural studies on emerald-tourmaline and plagioclase porphyroblasts [77,93,95]
recorded three metamorphic episodes and crystallization for these minerals. Deformation enhanced
fluid circulation and metasomatic reaction and produced the emerald-tourmaline-bearing phlogopitites.
Fluid inclusions in the emerald show similar characteristics to those in syn-metamorphic Alpine fissures
in the Habach Formation. Grundmann and Morteani [77] proposed the genesis of emerald through
syntectonic growth during regional metamorphism.

Trumbull et al. [97] used B isotopes of coexisting tourmaline in the metapelites and phlogopitites.
The 5'!B isotope values suggest that two separate fluids were channelled and partially mixed in the
shear zone during the formation of the metasomatic rocks. A regional metamorphic fluid carried
isotopically light B as observed in the metapelite (—14 < §'B < —10%0) and a fluid derived from the
serpentinite association carried isotopically heavier B (=9 < §!'B < —5%o) typical for Middle Oceanic
Ridge Basalt or an altered oceanic crust.

Grundmann and Morteani [77] pointed out that the source of Be was either the Be-rich garnet-mica
schist series or the biotite-plagioclase gneisses (Be up to 36 ppm). Zwaan [52] was critical of this
interpretation and warned that, in cases where pegmatitic sources of Be are not apparent, one must
proceed with caution since fluids can travel far from granites and pegmatites. He pointed out that
pegmatites do occur in the Zentral gneiss and the Habachtal emeralds contain up to 370 ppm of
Cs [139], which suggest a pegmatitic source. However, the Cs data produced [23] are very different
(79 < Cs < 157 ppm). The possibility of metamorphism of a pre-existing Be-bearing felsic rock
occurrence cannot be excluded and must be considered when constructing a model in a medium-
to high-grade metamorphic regime [16]. The question is similar to what has been reported for the
origin of tungsten for the Felbertal scheelite deposit [139], which is located in the same metamorphic
series as the Habachtal emeralds and is now considered to represent metamorphic remobilization
of a Be-W-enriched Variscan granite [140]. This hypothesis is likely correct for emerald because
(1) Hercynian aquamarine-bearing pegmatites were found in the Habach series [141] and (2) scheelite
disseminations with chalcopyrite and molybdenite in the banded gneiss series of the Habachtal
emerald deposit are drawn in the lithologic cross-section presented [77]. Following this hypothesis,
the source of Be is magmatic.

The Swat-Mingora—Gujar Kili-Barang emerald deposits are thrust controlled and there is no
magmatic or pegmatite intrusions visible in the field [86,101]. Emerald is either disseminated
in carbonate-talc-fuchsite-tourmaline-quartz schists or in quartz veins and a network of fractures
in magnesite rocks. The mean oxygen isotopic composition of emerald is remarkably uniform
at 680 = 15.6 £ 0.4%0. The mean hydrogen isotopic composition of the channel waters is
0D = —42.2 £ 6.6%o and that of the fluid calculated from hydrous minerals, such as tourmaline and
fuchsite, is 8D = —47 = 7.1%0. These O-H isotope data are consistent with both metamorphic and
magmatic origins [101]. However, a magmatic origin is favored because the measured 6D values of
fuchsite and tourmaline are comparable to those found for muscovite and tourmaline from granites,
such as the Makaland granitoid, exposed 45 km to the southwest of Mingora. The mineralization was
probably caused by modified O-enriched hydrothermal solutions derived from an S-type granitic
magma [101].

The magmatic model proposed for Pakistani emerald deposits can be constrained by the **Ar/3 Ar
ages obtained on the different rocks: 83.5 4= 2 Ma for the Shangla blue-schist melange, 22.8 + 2.2 Ma for
the tourmaline-beryl-fluorite-bearing Makaland Granite [142], and 23.7 & 0.1 Ma for a fuschite mica
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from a quartz vein in the Swat emerald deposit [100]. However, the chemical data for Swat emerald
presented [23] show low Cs contents (61 to 74 ppm), which are unusual for granite-related emeralds.

Finally, the genesis of the Swat emerald deposits can result from both metamorphic and magmatic
contributions, with up to now a magmatic source not identified in the emerald mining districts.

At the Poona deposit, three styles of emerald mineralization have been identified in M-UMR
from the Precambrian series of the northern Murchinson Domain [143]: (a) Emerald in phlogopitites
formed at the contact of beryl-granite- muscovite-bearing pegmatites and M-UMR; (b) emerald with
ruby-sapphire, topaz, and alexandrite in banded fluorite-margarite-beryl-bearing banded greisens in
phlogopitites; and (c) quartz-margarite-topaz-bearing veins in phlogopitites.

A multi-stage mineralizing episode was proposed [143] of: First, the intrusion of granites
(probably between 2724-2690 Ma) and circulation of fluids in the M-UMR produced greisens and
quartz veins with topaz, beryl, quartz, and muscovite. The first episode was affected by regional
metamorphism of greenschist to lower amphibolite facies. Metasomatic reactions occurred at the
borders of the greisen zones with the formation of ruby, alexandrite, and emerald. The third episode
corresponded to the retrograde phase of metamorphism (probably between 2710-2660 Ma), where
corundum and alexandrite were partially or totally replaced by margarite, muscovite, and/or emerald.

Fluid inclusions in emerald combined with the O-H isotope compositions of both lattice and
channel fluids of emerald confirmed multiple origins yielding both igneous and metamorphic
signatures [16]. This emerald-ruby association is unique worldwide and merits more petrologic
and geochemical studies before proposing a coherent genetic scheme.

The genesis of the Panjsher Valley [98] and Davdar [18] emerald deposits is not well understood
due to difficulties with access and poor exposure. The similar geographic and geologic environments
indicate that these two deposits may share a similar genetic model. Both deposits are hosted in layered
meta-sedimentary rocks, with metamorphic facies ranging up to lower amphibolite. Emerald occurs
in both veins and host rocks. The veins are predominantly composed of quartz and carbonate, with
minor amounts of albitic plagioclase, phlogopite, tourmaline, scheelite, and pyrite. The host rocks
vary from shale to carbonate and are thought to be Paleozoic. Proximal to the veins, hydrothermal
alteration is dominated by quartz and calcite with lesser amounts of albite, phlogopite, tourmaline,
and pyrite. In both localities, there are mafic to felsic intrusions as stocks, dykes, or sills. However,
no clear relationship between the intrusive rocks and emerald mineralization has been established.
The high-salinity fluids [18,56,144] and meta-sedimentary host rocks combined with the lack of
observed igneous association could also be compatible with a tectonic metamorphic-related (type IIB)
formational model, but more field work needs to be carried out on these deposits to map the local
geology to prove or disprove an igneous link.

Emeralds from the Musakashi deposit in Zambia are of high quality with a bluish color very
different from that observed for emerald originating from the Kafubu mining district [63]. Discovered
in 2002, the deposit is located ~150 km west of the Kafubu mines. The geology of the deposits
is unknown, however, small fragments of emerald were discovered in eluvium adjacent to quartz
veins [50]. The internal features, chemical composition, solids, and three-phase fluid inclusions
are quite different from those of Kafubu emeralds. Saeseasaw et al. [63] examined three-phase
fluid inclusions (halite + vapor + liquid) in emerald from Musakashi, Panjsher Valley, Davdar,
and Colombia. They conclude that Musakasi fluid inclusions look like those from Colombia.
Nevertheless, the photographs show that they are polyphase and contain a cube of halite and a
rounded salt, which is probably sylvite (KCI). Such multiphase inclusions with both halite and sylvite
are found in both Panjsher and Davdar emeralds [62]. In addition, the chemistry of these emeralds
overlaps with those from Colombian, Panjsher, and Davdar [63]. The geological setting is not precisely
known, but the emeralds are very different from those for type IA deposits as shown by their very
low Cs contents (3 < Cs < 10 ppm), which are similar to those found for Colombian and Davdar
emeralds [63].
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The genesis of the Hiddenite deposits remains obscure in terms of the sources of Be, Cr, and V,
and the origin of the mineralizing fluids. Fluid inclusions are characterized as two populations
of aqueous-carbonic fluids with two populations, those having high- and those having low-CO,
contents, which underwent immiscibility between 230 and 290 °C, respectively [145]. The deposits are
interpreted as late and low temperature metamorphic hydrothermal alpine-type quartz veins cutting
meta-sedimentary and migmatitic biotite gneiss. The low temperature hydrothermal mineralization is
confirmed by the association of quartz, carbonates, muscovite, and chabazite. The origin of the fluids
must be clarified by the O-H isotopes” compositions of the different minerals associated with emerald,
but a metamorphic origin has advanced [126,127].

7. Fluid Inclusions in Emerald

Emerald is one of the best hosts for fluid inclusions. It is commonly idiomorphic, well preserved,
zoned, and displays growth zones optically, chemically, and especially via cathodoluminescence [20,85,117].
These growth zones facilitate the identification of primary vs. secondary fluid inclusions. Additionally,
primary fluid inclusions often form during emerald precipitation and are elongated parallel to the
host’s ¢ axis (Figure 32). The determination of fluid inclusion chemistry is generally limited to
microthermometry [19,146,147], with more refined analyses performed via bulk leachate analyses
or LA-ICP-MS or secondary ion mass spectrometry (SIMS) on quartz-hosted fluid inclusions
petrographically determined as synchronous to emerald hosted inclusions [148,149]. In addition
to fluid chemistry, fluid inclusions studies have proven most useful in determining the pressures
and temperatures of emerald formation [47] and for determining if boiling is responsible for emerald
colouration [19].

80pm

80um

Figure 32. Primary fluid inclusions in emeralds: (a) Colombian fluid inclusion presenting a jagged
and shredded outline. The cavity contains 75 vol.% of salted water solution (L), 10 vol.% of gas
corresponding to the vapour bubble (V), 15 vol.% of halite (NaCl) daughter mineral, and a crystal of
carbonate (Ca); (b) fluid inclusion in a Colombian emerald showing three cubes of halite (H), the liquid
phase (L), the contracted vapour phase (V), a minute black phase (S), and a thin rim of liquid carbon
dioxide (L) rim visible at the bottom part of the vapour phase; (¢) multiphase fluid inclusions from
Panjsher emerald (Afghanistan). They contain vapour and liquid phases (V + L), a cube of halite (H),
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usually a primary sometimes rounded salt of sylvite (Syl), and aggregates of several anisotropic grains
(S). The volume and the concentration of NaCl and KCl are different from those observed in Colombia.
The overall salinity is estimated to 30 to 33 wt.% eq. NaCl (Vapnik and Moroz, 2001; (d) three-phase
fluid inclusion in emerald from Nigeria emerald showing halite (H), liquid (L), and vapour (V) phases.
Generally, the primary halite-bearing fluid inclusions are associated with coeval monophase or biphase
(V + L) fluid inclusions; (e) multiphase fluid inclusion from the Davdar emeralds (China). The cavities
contain liquid (L) and vapour (V) phases with daughter minerals, like halite (H) and sometimes sylvite
(syl), and aggregates or multiple solid inclusions (S). The morphology of the cavities and the infilling
looks like those found in emeralds from Afghanistan. Photographs: Gaston Giuliani.

Emerald-hosted fluid inclusions are, in general, aqueous dominant, with a wide range of salinities
from dilute to salt saturated (Table 3). Numerous emerald deposits also have gaseous species contained
within the fluid inclusions; the gaseous phases are generally dominated by CO,, but other species,
such as CHy, Ny, and H,S, have been identified via Raman spectroscopy in a number of emerald
studies [47,150,151]. Raman spectroscopy can also be used to identify accidental and daughter
inclusions within fluid inclusions [152]. Raman analyses of emerald hosted inclusions often prove
challenging, as beryl/emerald is generally fluorescent and thus the inclusion spectrum is lost in the
fluorescence from the host. However, different laser wavelengths and confocal Raman spectrometers
can be used to limit the effects of host fluorescence; these applications to gases and solid inclusions
contained within fluid inclusions were reviewed [153-155].

Bulk leachate analyses of fluid inclusions by thermal decrepitation or crushing are limited by
contamination via the emerald host. However, leachate analyses of fluid inclusions hosted in quartz
precipitated synchronously with emerald have proven successful for general chemistry and especially
for halogen sourcing [105]. A further limitation of the bulk methods is the presence of multiple fluid
inclusion generations and careful detailed petrographic studies should be undertaken to determine if
specific quartz and emerald-hosted fluid inclusions are amenable to bulk techniques.

Hydrogen isotopes [156] are generally determined from trapped channel fluids, which are
analogous to primary fluid inclusions. The advantage of channel fluid extraction is that channel
fluids are normally three (or more) orders of magnitude more abundant than fluids trapped in
fluid inclusions. The oxygen isotope signature of fluids responsible for emerald precipitation is
generally determined via the measurement of structural oxygen within emerald /beryl or from other
synchronously precipitated silicates. The hydrogen isotope signature of the fluids may also be inferred
from the analyses of synchronously precipitated hydrous silicates, such as mica or tourmaline [101].
Additionally, the extraction of the channel fluids may also yield a quantitative determination of the
weight percent of HyO present in the emerald and this can be used to complement electron microprobe
and LA-ICP-MS analyses to determine emerald chemistry.

Fluid fingerprinting to determine emerald provenance has proven incredibly useful.
The pioneering studies [15,76] are consistently used to determine provenance and fluid sources, as done
for the Biintal occurrence in Switzerland ([157]; Figure 33). Halogen bulk leachate analyses [105] can
test for the presence of fluid interaction with evaporitic source rocks as well as providing more detailed
information on the various dissolved salts present in the fluid inclusions. Although not yet routinely
used, LA-ICP-MS, and to a lesser extent SIMS, can provide very detailed chemical analyses of formation
fluids of emerald deposits, as they provide precise analyses of most of the elements of the periodic
table and potentially their isotopes.

100



Minerals 2019, 9, 105

Table 3. Fluid inclusion data and oxygen isotope composition of several emerald deposits worldwide
following the enhanced classification proposed for emerald deposits.

Tectonic . .
Type of Magmatic-Related Tectonic Metamorphic-Related
E“Vig:::)e;i‘: and G;Z_t{};; ;{:‘;kssRm (Meta) Sedimentary Rocks Metamorphic Rocks
(Type D) (Type 1IB) (Types IIA- IIC-IID)
Temperature 300-680°C 300-330°C* 350-400°C ™!
260-550°C 2
Pressure 0.5 to 7 kbar 3 to 4 kbar 1.6 kbar 1P
4-4 to 5 kbar 2
Salinity 2 to 45 wt.% eq. NaCl 40 wt.% eq. NaCl 30 to 33 wt.% eq. NaCl ‘*
35 to 41 wt.% eq. NaCl 1P
2 to 38 wt.% eq.NaCl
H,0-NaCl-(+CO,)- H,0-NaCl-(+CO,)- H,0-NaCl-(+CO,) ‘1P
(£N))-(£CHy)- (4:Np)-(hydrocarbon liquid)- H,0-NaCl-KCl-FeCly-(+CO,) ‘1P
Composition (K,Be,E,B,Li,PCs) F15(K,Mg,Fe,Li,SO4,Pb,Zn) H,0-NaCl-(+CO,) 2
CO, or CO»-HyO-NaCl-(+N, (+CHy) 2
or HyO-CH,-CO,-NaCl 2
6.0 < 8180 < 15%o 162 < 8180 < 24.5%0 Panjsher: 13.25 < 8180 < 13.9%0
Davdar: 14.4 < 5180 < 15.8%0
. Sta Terezinha: 12.0 < 8180 < 12.4%0
Oxygen isotopes Gravelotte: 9.5 < 8180 < 9.7%0
Gebel Sikait: 9.8 < §'80 < 10.7%0
Habachtal: 6.5 < 8'80 < 7.3%0
Origin of the fluid Metasomatic- Basinal brines that have Metamorphic-Metasomatic
Hydrothermal dissolved evaporites

Salinity in wt.% eq. NaCl = weigth per cent equivalent NaCl; kbar = kilobars; 5180 = ratio 180/1°0 in per mil (%o).
Type IIB deposits: * = Colombia. Some Types IIA, IIC, IID: *! = deposits of Panjsher (") and Davdar (P); ** = deposits
of Santa Terezinha de Goias (Brazil), Gravelotte (South Africa), Gebel Sikait (Egypt), Habachtal (Austria)
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Figure 33. Channel 8D H,O versus 5180 for emerald worldwide [15,76,157,158]. The isotopic
compositional fields are from [159], including the extended (Cornubian) magmatic water box (grey).
MWL = Meteoric Water Line, SMOW = standard mean ocean water.
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The use of fluid inclusion petrography combined with microthermometry and halogen and cation
bulk leachate analyses is useful for the discussion of the source of salts present in fluid inclusions [160].
The example of multi-phase halite-bearing fluid inclusions in emeralds (Figure 32) from Colombia
(Eastern and Western emerald zones) and Afghanistan (Panjsher Valley) is very illustrative.

In Colombia, fluids trapped by emerald are commonly three-phase fluid inclusions (Figure 32a)
characterized by the presence of a daughter mineral, i.e., halite (NaCl). At room temperature,
the cavities contain 75 vol.% of salty water, i.e.,, aqueous brine (liquid H>O), 10 vol.% of gas
corresponding to the vapor bubble (V), and 15 vol.% of halite daughter mineral (H). However, some
Colombian emeralds have multiphase fluid inclusions presenting a liquid carbonic phase (CO,)
forming up to 3 vol.% of the total cavity volume (Figures 25b and 32b), minute crystals of calcite
(Figure 32a), very rare liquid and gaseous hydrocarbons [38], and sometimes two or three cubes of
halite (Figure 32a,b), and sylvite (KCl).

The high Cl/Br ratio of the fluids (between 6300 and 18,900) indicates that the strong salinity
of the brines is derived from the dissolution of halite of an evaporitic origin (Figure 34a; [105]).
Cation exchanges, especially calcium, with the black shale host rocks are strong when compared to
most basinal fluids (Figure 35; [161]) and are due to the relatively high temperature of the parent
brines of emerald (T~300 °C). Indeed, these fluids are enriched in Ca (16,000 to 32,000 ppm), base
metals (Fe ~5000 to 11,000 ppm; Pb ~125-230 ppm; Zn ~170-360 ppm), lithium (Li~400-4300 ppm),
and sulfates (504 ~400-500 ppm). In comparison, they have a composition and Fe/Cl and Cl/Br
ratio similar to the fluids of the geothermal system of the Salton Sea in California (Figure 34b; [162]).
The K/Na ratios confirm the Na-rich character of the fluids and the strong disequilibrium between
K-feldspar and albite, as shown by the huge albitisation of the black shale (Figure 35).

In Afghanistan, primary multiphase halite-sylvite-bearing fluid inclusions (Figure 32c) are
common for the Panjsher emeralds [15,86]. The fluids associated with emerald have total dissolved
salts (TDS) between 300 and 370 g/L and the trapping temperature of the fluid is about 400 °C [144].

Crush-leach analyses of fluid inclusions indicate that the fluids are Cl-Na-rich and contain sulfates
(140 < SO4 < 4300 ppm) and lithium (170 < Li < 260 ppm), but very low to zero fluorine contents [160].
The K/Na ratio of the fluid inclusion confirms the disequilibrium, at ~400 °C, between K-feldspar and
albite that drives the Na-metasomatism of the metamorphic schists and the deposition of albite in the
veins (Figure 35). Crushing demonstrates that fluids are dominated by NaCl with Cl/Br ratios much
greater than that of seawater (Figure 34a), indicating that the salinity was derived by the dissolution of
halite. Thus, the high Cl/Br ratios are consistent with halite dissolution. The I/Cl versus Br/Cl ratios
diagram (Figure 34b) also shows that the fluid inclusions have low I contents, which are also typical of
brines derived from evaporite dissolution. They are comparable to the Hansonburg and contemporary
fluids from the Salton Sea geothermal brines, both of which have dissolved evaporites [163,164].

Although it is not possible to unambiguously classify emerald deposits based solely on their
fluid composition, there are some general observations that can prove useful: (1) The presence of salt
cubes can limit possible modes of formation, as it is very unlikely that we can generate a salt saturated
fluid in a purely metamorphic environment, hence the presence of salt cubes generally implies the
input of igneous fluids or an interaction with evaporites and individual Ca/Na/K values may be
specific to individual deposits; (2) compressible gases are seen in all types of emerald deposit, but
gas ratios may also be used to identify individual deposits; and (3) specific daughter and accidental
minerals contained within fluid inclusions cannot be used to identify specific deposit models within
our classification system, but may again be used to fingerprint emeralds from specific deposits.
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Figure 34. Origin of salinity in the emerald and quartz brines from Colombia and Afghanistan:
(a) Analyses of the fluid inclusions from both emerald and quartz show a wide range of Na/Br and
Cl/Br molar ratios that are much greater than those of primary halite and indicate a substantial loss
of Br, typical of recrystallised halite for both emerald deposits; (b) log(1/Cl) versus log(Br/Cl) molar
ratios of Afghan and Colombian fluid inclusions, which are depleted in both Br and I, indicative of
evaporites contribution to the fluids in emerald and quartz. They are compared with the composition
of fluids where evaporites are known to be involved, such as for the Salton Sea geothermal brines [163]

and Hansonburg [164].
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Figure 35. Diagram log (K/Na) molar ratio versus 1/T (°K) showing the evolution of the fluids
associated with Colombian and Afghan emeralds relative to crustal fluids, including bittern brines,
brines derived by dissolution of evaporites, and magmatic fluids. Sedimentary formation brines deviate
significantly from the K-feldspar-albite equilibrium as well as for Afghan and Colombian brines, which
are associated with a huge albitisation of their host-rock with the complete consumption of K-feldspar
from, respectively, the schist and black shale.

8. Discussion of the Model of Formation of the Emerald Deposits Associated with M-UMR

The tectonic magmatic-related emerald deposits hosted in M-UMR (sub-type IA) occurred during
orogenies from the end of the Archean (2.94 Ga) with the Gravelotte deposit in South Africa [165]
to the Himalayan (9 Ma) with the Khaltaro deposit in Pakistan [83]. These deposits are related to
plate tectonics over ~3.2 billion years with stable convection cells initializing continental drifts and
subduction zones, and are related either to continental collisions or continent-to-continent rifting.

The classical model of sub-type IA relates granites with their dyke swarms of aplo-
pegmatites and quartz veins in metamorphosed M-UMR, fluid-rock interaction, and infiltrational
metasomatism [15,58,166,167]. An alternative genetic model for the formation of these emeralds is
a regional tectonic and metamorphic model [77,130,168-170]. This genetic controversy involving
sub-type IA deposits shows that (i) they are possibly genetically different; (ii) that alternative models
are always dependent on a school of thought, which we absolutely want to apply for all deposits;
(iii) these deposits share many common denominators in terms of geological setting, age of formation,
nomenclature of rocks, source of the elements, and source of the fluids; and finally, (iv) each deposit
belongs to the same family, but with a wide range of genres and uncountable typological varieties
that allow us to follow the evolution of a mountain range marked by magmatic events accompanied
by metamorphic remobilizations, which sometimes erase the primary geological features of the
emerald deposit.

The following discussion examines the possible genetic links existing between the different
sub-type IA and sub-types IIA and IID hosted in M-UMR within the geological and dynamic evolution
of a continental crust.
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8.1. Sub-Type IA Emerald

This is the fruit of the fluid-rock interaction producing metasomatism in both pegmatite and

M-UMR, whatever the origin of the fluid. The classical sub-type IA results from the fluid circulation
at the contact between these two geochemically contrasting rocks. The most representative deposits
described in the literature are those from Carnaiba [76,78], Franqueira [171,172], Khaltaro [83],
and Kafubu [70]:

1.

The granite emplacement is related to a tectonic event, but the pegmatites are not deformed
and metamorphosed. They are clearly intruding the M-UMR of the volcano-sedimentary series,
and sometimes roof pendants on the granite as observed in Bode mine at Carnaiba (Figure 36) or
at Franqueira;

At Carnaiba, the granite and pegmatite intrusions and fluid circulation are coeval [67], and the
pegmatite is transformed into plagioclasite with disseminations of phlogopite (endo-plogopitite),
and the M-UMR into phlogopitite (exo-phlogopitites). These exo-phlogopitites display clear
zonation with a very sharp metasomatic front, i.e., metasomatic columns formed by infiltrational
processes [173]. The metasomatic fronts where an additional phase appears in the mineral
association correspond to the change of one of the determinant components from mobile to
inert: Ca is displaced from the serpentinites to the center of the column for the formation of
actinolite-tremolite, but also apatite at the border of the endo-phlogopitite. The occurrence
of beryl is restricted to the most aluminous parts of the metasomatic zonation (plagioclasite,
endo-phlogopitite, and exo-phlogopitites proximal to the plagioclasite). The inner part of the
phlogopitite zonation plays the role of a filter for the Be-bearing fluids and constitutes a very
efficient “metasomatic trap” where the mobile behavior of Cr favored the formation of emerald.
At Khaltaro in Pakistan, non-deformed pegmatites and quartz veins crosscut amphibolites, which
were metasomatized on 20 cm-wide selvages that are symmetrically zoned around the veins [83],
as found at Carnaiba (see Figure 14). Mass-balance calculations on the metasomatic column
(Figure 37) have shown that (a) in the inner and intermediate metasomatic zones, K, F, H,O, B, Li,
Rb, Cs, Be, Ta, Nb, As, Y, and Sr are gained and Si, Mg, Ca, Fe, Cr, V, and Sc are lost; and (b) in the
outer zone, E Li, Rb, Cs, and As are gained. The oxygen isotope composition of the hydrothermal
minerals indicated the circulation of a single fluid of magmatic origin. At Kafubu, the regional
metamorphic event pre-dates the emerald formation. The F-B-Li-rich phlogopitites are located at
the contact between tourmaline veins and pegmatites with Mg-metabasites. The pegmatites of
the Lithium-Cesium-Tantalum family are linked to hidden fertile B-F-Nb-Ta-Li-Cs-rich granite.
These deposits sometimes exhibit multi-stage Be-mineralization, as observed at the Carnaiba
deposit: A second minor stage of metasomatism affected in some areas the emerald-bearing
phlogopitites [15,90]. This stage is related to the intrusion of dyke swarms of quartz-muscovite
veinlets with greisenisation of the granites, chloritisation, and muscovitisation of the phlogopitites,
general silicification, and muscovitisation of the plagioclasites. This stage involves yellowish to
whitish beryl, sometimes with molybdenite, scheelite, and schorlite.

These emerald mineralizations are interpreted to be due to the efficiency of the metasomatic
trap rather than significant pre-enrichment in Be (5 to 11 ppm of Be in the Carnaiba granite).
The occurrence of strong chemical gradients in the zone of preferential circulation of the solutions
constitutes highly favorable conditions for the beryl crystallization.
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Figure 36. Schematic geological section of the emerald deposits of Carnaiba, Bahia state, Brazil:
(a) The granite of Carnaiba and its emerald deposits cited in the present work. The Bode deposit is
located in a roof-pendant of serpentinite present at the roof of the granite; (b) The Serra da Jacobina
volcano-sedimentary sequence formed by intercalations of quartzite and serpentinite is crosscut by

the Carnaiba granite. The pendants of serpentinite are present at the contact and on the roof of the
granitic intrusion.
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Figure 37. The Khaltaro emerald deposit, Nanga Parbat—Haramosh massif, Pakistan [83].
A symmetrically zoned metasomatic column is formed at the contact of the albitized pegmatites
or hydrothermal quartz veins with amphibolite. The mass balance calculation in the metasomatized
amphibolite indicates the gains and losses of components (see the transferts in the outer and inner
zones). Emerald froms within the vein, near the contact with the altered amphibolite.
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8.2. Multi-Stage Formation and Ages of Formation and Remobilization of Type IA Deposits

1.

The Precambrian deposits located in the volcano-sedimentary series or greenstone belts are
often folded and sheared, but metasomatic processes during emerald formation are generally
coeval with the deformation, as in the deposits of Piteiras, Fazenda Bonfim, and Socoté (Brazil);
Sumbawanga and Manyara (Tanzania); Kafubu (Zambia); and recently in the Gubaranda area
from Eastern India [174].

The deposit at Sandawana in Zimbabwe [52,175] presents multi-stage formation; [169] advanced
that the classical model of sub-Type IA cannot be applied. The Cs-Nb-Ta-bearing pegmatite veins
that intruded UMR suffered the classical desilication with the formation of plagioclasite. During
folding, shearing, and regional metamorphism, after the albitisation of the pegmatites, a reactive
F-P-Be-Li-rich fluid of pegmatitic origin circulated in a shear zone, affecting the albitites and
reacting with the UMR, to form emerald-bearing phlogopitites (Figure 38). Two generations
of emerald are found: (i) Fine-grained crystals at the contact between albitite and phlogopitite
and (ii) euhedral gem crystals formed later in phlogopitites either away from the albitite or in
low-pressure zones next to the albitites. In that case, the albitites acted as incompetent levels,
folded and sheared, and forming traps for euhedral emerald.

The syntectonic pegmatites yielded an age of 2640 4+ 40 Ma by U/Pb dating on monazite and
an age of 2600 & 100 Ma by the Pb-Pb method on microlite [176]. The **Ar/3°Ar dating on
phlogopite and actinolite of the phlogopitites yielded a very disturbed age spectra and variable
total gas ages between 2225 and 2447 Ma, with relative plateau ages of 1903 Ma for the phlogopite
and of 1936 Ma for the amphibole [52]. Two ages were proposed for the formation of emerald:
(i) An Archean age at 2640 Ma, which is the age of the intrusion of the pegmatites, or (ii) a
Proterozoic age at around 2000 Ma, which corresponds to a major tectono-metamorphic episode
that affected the Limpopo belt formed around the Zimbabwe craton. Zwaan [52] opted for the first
hypothesis, considering that the deformation at circa 2000 Ma modified the isotopic argon clock
of mica and amphibole, but these integrated Ar-ages between 2200 and 2500 Ma correlate with the
Archean thermal event. The complexity of dating rocks that suffered deformational events and
remobilization of material illustrates the complexity of classifying ore deposits. The Sandawana
deposit belongs to sub-type IA and its genetic link with a magmatic source is obvious in terms
of chemical elements, but it could be re-classified as sub-type IID if the age of the emerald is
considered to be younger than 2400 Ma.

The possible genesis of sub-type IIA deposits, such as those of Swat Valley, Santa Terezinha de
Goias, and Habachtal [168], was discussed previously. The presence of meta-pegmatites can be
suspected based on either chemical data or O-H isotope composition of emerald and associated
minerals, but has not been found up to now due to the tectonic regime (thrust and shear zone)
and the level of observation. These deposits are classified as sub-type IIC based on the geological
environment and are considered to be metamorphic with probable mixing of magmatic fluids
(high Cs content for the Santa Terezinha emeralds). This hypothesis is strengthened by the
Na/Li vs. Cs/Ga chemical diagram presented by Schwarz [65]. Figure 39 shows that these
emerald deposits are grouped in one chemical field very different from those of Colombia, Russia,
and Nigeria. They are characterized by a high Cs/Ga ratio, indicating appreciable to high
amounts of Cs (magmatic source), and a high Na/Li ratio. The high Na content of this emerald is
correlated with a high mean H,O content in the channels, as, determined for Santa Terezinha
de Goiés (2.9 wt.%, n = 5), Habachtal (3.1 wt.%, n = 3), and Swat Valley (3.4 wt.%, n = 1) [15,16].
This is not just a coincidence, but is probably a genetic proxy Be-Cs source for emerald in
these three deposits, i.e., magmatic sources with huge fluid circulation and metasomatism in a
metamorphic environment.
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Figure 38. Cross-section of the mineralization at the Zeus underground mine, 200 ft. level,
26/28 stope, Sandawana deposit, Zimbabwe [167]. Fluids infiltrated along the schistosity of the
actinolite-hornblende-phlogopite schist, and induced a metasomatic reaction with emerald formation
at the foot wall of the pegmatite.

The Habachtal deposit is a complex deposit in terms of the genetic model and the previous
discussion about the possible remobilization of Be-W enriched Hercynian pegmatites (possible
sub-type IID deposit) by the regional metamorphism [168] opens the debate on the age of the
formation of this deposit. The genesis of the emerald is metasomatic, but bound to the regional
metamorphism of alpine age [77]. The K-Ar age obtained on phlogopite from the phlogopitites is
22 Ma, while the tracks of fission on apatite yielded ages of 9 Ma. The K-Ar age on muscovite from
the muscovite schist is 27 Ma. The Rb/Sr dating realized on the zones of growth of garnets from
the Schieferhtille formation, situated structurally above the Habach formation, indicated ages of
crystallization between 62.0 and 30.2 Ma [177]. This age around 30 Ma is in agreement with the
dates found for the end of the growth of garnet in the central Alps [178]. So, the best estimation
established for the growth of the Habachtal emeralds would be situated around 30 Ma [179].

4. The deposits of the Eastern desert in Egpyt and Poona in Australia are good examples of sub-type
IID, where sub-type IA deposits were remobilized by regional metamorphism with deformation
and remobilization of older rocks, following the genetic model proposed by Grundmann and
Morteani [77].
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Figure 39. Cs/Ga versus Na/Li diagram of emeralds from Colombia, Nigeria, Russia, Pakistan, Austria,
and Swat valley presented by Schwarz [65]. The diagram indicates that the chemical ratios of emerald
from Santa Terezinha de Goias (Brazil), Habachtal (Austria), and Swat valley (Pakistan) plot in the
same population field. They are characterized by moderate to high Cs/Ga and very high Na/Li ratios.
Discrepancies are observed for the concentrations of Cs and other elements when compared with the
analysis presented by Aurisicchio et al. [23].

9. Exploration Now and in the Future

The majority of development of exploration methods for emerald has been for sub-type IIB
deposits in Colombia. In Colombia, repeated washing of sediments is an effective and ubiquitous
technique employed by local emerald-seeking “guaqueros” to reveal emerald in mineralized drainages.
However, as pointed out by Lake [180], it is not effective to directly recover beryl by density separation
because its specific gravity (~2.7) is similar to most rock-forming minerals. Geochemistry has also
proven to be useful in Colombia. Escobar [181] studied the geology and geochemistry of the Gachala
area and found that Na enrichment and depletion of Li, K, Be, and Mo in the host rocks were
very good indicators for locating mineralized areas. Beus [182] presented the results of a United
Nations-sponsored geochemical survey of the streams draining emerald deposits in the Chivor and
Muzo areas. The spatial distribution of areas with emerald mineralization was linked, on a regional
scale, to intersections of the NNE- and NW-trending fault zones. The black shale units in those tectonic
blocks that contain emerald mineralization were found to be enriched in CO,, Ca, Mg, Mn, and Na,
and depleted in K, Si, and Al [182]. The results of this study were tested with a stream sediment
sampling program in the Muzo area. The results showed that samples collected from emerald-bearing
tectonic blocks had anomalously low K/Na ratios. Beus [182] also suggested using a “composite”
geochemical ratio that takes into account the albitization and leaching phenomena: M = Na3/(K x
Li x Mo) (with Na and K in wt.% and Li and Mo in ppm) where M is an expression of the degree of
metasomatic alteration. Other combinations, such as K, Li, Co or K, Li, Ba could be tried to determine
the most contrasting value of M [182]. Subsequently, it was discovered that the Na content of the
sediments was the best indicator of the mineralized zones in the drainage basins. Several new emerald
occurrences were discovered by U.N. teams using the results of this study [183].
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More recently, Ringsrud [183] reported that Colombian geologists were analyzing soil samples
collected from altered tectonic blocks for Li, Na, and Pb to delineate emerald mineralization. Cheilletz
et al. [103] showed that the Be content of black shale outside of the leached mineralized areas ranges
from 2 to 6 ppm. Beryllium concentrations in the leached areas were found to range from 0.1 to
3.0 ppm [182]. Cheilletz and Giuliani [184] observed that the spatial coexistence of emerald districts
and gypsum and anhydrite deposits could be used to prospect for new deposits.

Branquet et al. [107,113] observed that discovering new deposits will necessitate prospecting that
is structurally oriented and focused on finding (1) the stratiform brecciated level in the eastern zone
and (2) structural traps along regional tear faults in the western zone.

Geophysical techniques, such as induced polarization (IP) and magnetic surveys, have been used
at Chivor and Muzo to delineate pyrite mineralization that is abundant and often associated with
emerald-bearing veins [185]. Gutiérrez [186] tested several radiometric and magnetometric techniques
at Chivor and Macanal deposits with some success.

Escobar [177] applied the criteria for emerald exploration in Colombia to stream sediment
geochemical data for the Yukon and Northwest Territories in Canada. The criteria had to be adjusted
for a number of factors, including the absence of Be in the Northwest Territories data and elevated Na
due to plutonic alkali feldspar weathering into black shale drainages. Escobar [181] also noted that
Colombian-type emerald deposits have relatively small footprints, and regional-scale geochemical
surveys with data points 5-10 km apart may not be sufficient to show an emerald occurrence. Despite
these constraints, Escobar [181] was able to identify several regions of interest.

With respect to other type II deposits, Arif et al. [187] observed that in the Swat valley in Pakistan,
the emerald deposits occur in carbonate-altered ultramafic rocks, which also host Cr-rich dravite and
“oxy-dravite”. They suggested that the presence of high-Cr magnesian tourmaline, particularly in
magnesite-talc-altered ultramafic rocks, can represent a criterion for further emerald exploration in the
lower Swat region of Pakistan and in other ultramafic-hosted emerald-producing regions worldwide.

Wise [188] suggested that that the morphology of quartz, calcite, pyrite, and rutile crystals may
serve as potential exploration guides for the discovery of hidden emerald deposits in the Hiddenite
district of North Carolina. Emerald-bearing veins are characterized by: (1) quartz with multiple
generations, including fine-grained doubly terminated crystals and very coarse-grained prismatic
crystals; (2) calcite with largely rhombohedral habit, commonly accompanied by dolomite and siderite;
(3) pyrite crystals dominated by octahedral faces; and (4) rutile that varies from single untwinned
crystals to highly reticulated aggregates.

Some work has also been done in northwestern Canada to explore for type I deposits. Murphy et
al. [189] plotted potential Be reservoirs and Cr and V reservoirs in the Yukon Territory and suggested
that the best place to look is where the two come together. Lewis et al. [190] noted that all beryl
occurrences in the Yukon Territory are intrusion-related, but for an intrusion to become enriched
enough to reach Be-saturation to form beryl, it must be “ultrafractionated”.

Future efforts will move towards the development of more effective exploration guidelines
that consider the geological factors responsible for emerald formation. For type I deposits, this could
involve exploring continental collision domains and considering the overlaps of Be and Cr-V reservoirs,
mineralogical and geochemical anomalies (F, K, Li, P, B) linked to high intensity fluid/rock interaction,
and deposit location, e.g., proximal or distal to the granitic intrusive. This last point is an important one
as illustrated by the Ianapera deposit in Madagascar [11,135] where emerald occurs in two different, but
coeval settings: (1) A proximal one, formed classically at the contact between pegmatites (and quartz
veins) and M-UMR; and (2) a distal one formed outside the roof of the granite, with emerald-bearing
phlogopitites in fractures and faults. The fluid percolation affected all the geological formations and
different M-UMR, resulting in several types of zoned and un-zoned emerald habits with contrasting
Cr-V chemistry.
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10. Conclusions and Perspectives

The elaboration of a new classification proposed for emerald occurrences and deposits is the
first step to building a new scheme for studying Be-mineralization from the field to the laboratory.
The economic emerald deposits, in terms of volume and quality, are the Tectonic magmatic-related
type hosted in M-UMR (Brazil, Zambia, Russia) or the Tectonic metamorphic-related type hosted in
either low- (Colombia) to medium- (Afghanistan, China) temperature metamorphosed sedimentary
rocks or medium-temperature metamorphosed M-UMR (Brazil, Pakistan).

The enhanced classification proposed in the present paper, based on objective geological criteria,
takes into account the question of genesis of a number of deposits, which has been brought to the fore
by research using new analytical facilities in the 21st century: The following topics were discussed:
(i) Magmatic intrusives in M-UMR from classical intrusion to multi-stage formation through fluid
circulation, metasomatism, and emerald formation synchronous with folding and shearing of regional
metamorphic sequences; (ii) the presence of hidden intrusives that are probably the source of Be and
Cs for emerald, such as in the Swat valley and Santa Terezinha de Goias deposits; and (ii) metamorphic
remobilization of previous Be-magmatic mineralization over several orogenic episodes, such as for
the Habachtal and Egyptian emerald occurrences. All these cases reflect the mixing of magmatic and
metamorphic fluids.

The present work, which connects geological knowledge of the formation of gem deposits to
studies of the properties and features of individual gems, is a step forward in the great challenge of
geographic origin determination. The enhanced classification typology for emerald deposits opens a
new framework for mineral exploration guidelines.
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Abstract: The present study applied LA-ICP-MS on gem-quality emeralds from the most important
sources (Afghanistan, Brazil, Colombia, Ethiopia, Madagascar, Russia, Zambia and Zimbabwe).
It revealed that emeralds from Afghanistan, Brazil, Colombia and Madagascar have a relatively lower
lithium content ("Li < 200 ppmw) compared to emeralds from other places ("Li > 250 ppmw). Alkali
element contents as well as scandium, manganese, cobalt, nickel, zinc and gallium can further help
us in obtaining accurate origin information for these emeralds. UV-Vis spectroscopy can aid in the
separation of emeralds from Colombia and Afghanistan from these obtained from the other sources
as the latter present pronounced iron-related bands. Intense Type-1I water vibrations are observed
in the infrared spectra of emeralds from Madagascar, Zambia and Zimbabwe, as well as in some
samples from Afghanistan and Ethiopia, which contain higher alkali contents. A band at 2818 cm™,
supposedly attributed to chlorine, was observed only in emeralds from Colombia and Afghanistan.
Samples with medium to high alkalis from Ethiopia, Madagascar, Zambia and Zimbabwe can also be
separated from the others by Raman spectroscopy based on the lower or equal relative intensity of
the Type I water band at around 3608 cm™! compared to the Type Il water band at around 3598 cm™!
band (with some samples from Afghanistan, Brazil and Russia presenting equal relative intensities).

Keywords: emeralds; LA-ICP-MS; UV-Vis-NIR; FTIR; Raman; PL

1. Introduction

”

Emeralds, together with rubies and sapphires (red and blue corundum), as well as jadeite “jade
(jadeitite), diamonds and natural pearls, have been the most sought-after gems for several centuries.
Emerald is the bluish-green to green to yellowish-green variety of beryl (with an ideal formula of
Be3AlSiO1g) coloured by chromium and/or vanadium (iron may also contribute to the colour, but to a
lesser extent); beryl coloured solely by iron is green beryl (and not emerald) [1]. Transparent natural
emeralds of homogenous vivid-green colour are the most researched. Most faceted gems are sold by
carat (1 carat = 0.2 g), but their monetary value is not linearly correlated with their weight; bigger
gems are rarer and can fetch higher prices. Absence or presence, type and degree of treatment are also
important factors linked to gems’ monetary value. In the case of emeralds, most gem-quality faceted
stones contain surface-reaching fissures and, some of them, also cavities. In order to improve their
clarity, the vast majority of emeralds are “filled” with a material having a refractive index similar to that
of emerald (oil, resin or other) that reduces the visibility of the fissures and, sometimes, the cavities [2—4].
The degree of emerald clarity enhancement, which is not always directly linked with the amount of
filling material, ranges from none to significant, with the former being very rare and more desirable [5].
Geographic origin is frequently requested from gemmological laboratories by customers as it is used
by gem dealers as a brand name, is sometimes linked with history, exoticism, spirituality, etc., and
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might play an important role in the monetary value of a gem [6-23]. In parallel, over the last two
decades, ethical issues related to gem mining have been in the spotlight, and end consumers demand
transparency about the mine-to-market supply chain, in addition to detailed information on stones’
provenance [23-26]. Origin determination for gems is also useful for archaeologists, curators, etc., as it
can help them to better understand early trade routes [27-40].

Origin determination is based on gem characteristics linked to geological formation. However,
gemmological laboratories are asked to issue reports mentioning a gem’s geographical origin, which
is related to politics rather than geology [12,15]. Geographic origin determination is getting more
complicated, considering that gems can grow in similar geologic environments but in different countries;
e.g., emeralds associated with granites-pegmatites and mafic-ultramafic rocks as in Kafubu, Zambia;
Malyshevsk (the Ural Mountains), Russia; Mananjary, Madagascar; etc. In parallel, a gem can grow
in more than one geological environment in the same country; e.g., emeralds occur in Zambia in
both Kafubu near Kitwe (associated with granites-pegmatites and mafic-ultramafic rocks; Type IA
occurrence—see classification below) and Musakashi near Solwezi (in eluvial lateritic soils adjacent to
quartz veins; Type IID occurrence—see classification below) [16-19,21,31,41,42].

Emerald is a relatively rare mineral because it needs common elements such as silicon (Si),
aluminium (Al) and oxygen (O), together with less common elements (that are rarely encountered
together) such as beryllium (Be)—enriched in the crust, chromium (Cr)—typically enriched in mantle
rocks, and/or vanadium (V), with iron (Fe) in limited concentrations; however, it can be found on
all continents except Antarctica [16-18,21]. Emeralds of gem quality and economic importance are
not always formed though; several parameters play an important role in gem formation [43,44]. It is
important to have the right ingredients in just the right amounts (as previously mentioned): favourable
“thermobarometric conditions”, space to grow (with some exceptions), limited nucleation (i.e., few
nuclei will evolve into a crystal) and stable growth conditions for a certain amount of time, but not
for millions of years [44]. Importantly, post-growth phenomena that might damage the gem, such as
mechanical fracturing, chemical etching, etc., should be absent [43].

A gemmological report with the origin for an emerald from a laboratory recognized by the
international market can cost from ca. 100 up to 500 USD for gems <2 ct and >2000 USD for gems
>50 ct, depending on the laboratory. Thus, gemmological laboratories receive principally medium-
to high-quality “large” faceted (>0.5 ct and mostly >1 ct) emeralds “worth” an origin determination
report. Nowadays these emeralds mostly come from Colombia (both the east and west side of central
Cordillera), Zambia (Kafubu), Brazil (Itabira, Minas Gerais), Russia (Malyshevsk, the Ural mountains),
Madagascar (Mananjary), Afghanistan (Panjsher Valley), Zimbabwe (Sandawana) and recently Ethiopia
(Shakisso). In terms of monetary value, an emerald from Colombia fetches higher prices than an
emerald of exactly the same size and quality from another country. Samples of similar size and quality
other than Colombian fetch similar prices, but the traders still ask for an origin to be mentioned in
the report.

The classification of emerald deposits is presented in several works, and recently an enhanced
classification has been suggested [13,17,21]. According to this, the geological environment of the
vast majority of occurrences producing gem-quality emeralds is classified as Type IA—tectonic-
magmatic-related hosted in mafic-ultramafic rocks [21]. Only emeralds from Colombia are classified
as Type IIB; tectonic-metamorphic-related hosted in sedimentary rock-black shale and emeralds from
Afghanistan (Panjsher Valley) are classified as Type IIC; tectonic-metamorphic-related are hosted in
metamorphic rocks [21].

Gemmological laboratories are issuing reports on emeralds (including origin determination), and
coloured gems in general, after combining the results obtained by several methods [11,12,15,19,20].
The methods used should be non-destructive and rarely micro-destructive [45—48]. For the origin
determination and characterization of emeralds, microscopy, FTIR (Fourier-Transform InfraRed)
spectroscopy, UV-Vis-NIR (Ultraviolet-Visible-Near InfraRed) spectroscopy, chemistry such as EDXRF
(Energy-Dispersive X-ray Spectroscopy), sometimes LA-ICP-MS (Laser Ablation-Inductively Coupled
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Plasma-Mass Spectrometry) as well as LIBS (Laser-Induced Breakdown Spectroscopy) and, in same
cases, Raman and PL (photoluminescence) spectroscopy are used [6,7,11,12,15,19,20,23,31,40-42,49-78].
Oxygen isotopes as well as fluid inclusions are also used for their study (see [21] for more information
and further references); however, these methods are currently rarely used by gemmological laboratories.
Gem-quality emeralds present some characteristics that might help gemmological laboratories build
an accurate database to trace the origin of an unknown sample, in contrast with some other gems
which might be more challenging (e.g., sapphires). For instance, the majority of gem-quality emeralds
are found in primary deposits [76]; they contain inclusions that are associated with their geology and,
due to their crystal structure and chemistry, several minor and trace elements directly linked to their
growth environments could be present.

For the present work, 62 samples from eight countries” data were collected using LA-ICP-MS as
well as UV-Vis-NIR, FTIR, Raman and PL spectroscopy. The data from the samples were compared,
looking for potential differences linked to their geographical origin. This is the first study that combines
all these methods on samples from the most important sources of gem-quality emeralds.

2. Materials and Methods

All 62 samples studied are listed in Table 1. Forty-three samples were rough, and small areas
(“windows”) were cut and polished in order to acquire better spectroscopic and chemical data, four of
them were oriented (i.e., cut and polished parallel and/or perpendicular to the c-axis) and fifteen were
faceted (all from Brazil). Most of the samples studied had a green or dark green homogenous colour.
All samples from Russia were light green; some of the samples from Brazil and Colombia were also
light green. All samples from Russia presented numerous inclusions.

Table 1. List of studied samples, along with their weight and colour ranges.

Locality No. of Samples Weight Range (ct) Colour Range
Afghanistan (Panjsher Valley from >
Kherskanda) 9 0.27-0.68 Green
Brazil (Itabira) 18 0.17-1.88 Light green to green
Colombia (Coscuez) 8 0.11-2.42 Light green to green
Ethiopia (Shakisso) 4 0.43-1.69 Green
Madagascar (Mananjary from Irondro,
Ambodivandrika and Morarano) K 0.17-2.18 Green to dark green
Russia (Malyshevsk, Ural mountains) 5 0.33-0.80 Light green
Zambia (Kafubu) 6 0.47-2.50 Green
Zimbabwe (Sandawana) 3 0.24-0.56 Green

UV-Vis-NIR spectra were acquired using a Cary 5000 UV-Vis-NIR spectrometer (Varian Inc.,
Palo Alto, CA, USA) in the 250-1500 nm spectral range, with a spectral bandwidth and data interval of
0.7 nm and a scan rate of 60 nm/min for the UV-Vis region and a spectral bandwidth and data interval
of 1.0 nm and a scan rate of 120 nm/min for the NIR region. Polarized spectra using a diffraction
grating polarizer were acquired on the oriented samples.

FTIR spectra were acquired from 8000 to 300 cm™! using a Nicolet iS5 spectrometer (Thermo
Fischer Scientific, Waltham, MA, USA) with 4 cm™! resolution and 500 scans (background spectra were
collected using the same parameters). Most of the spectra were unpolarized (or partially oriented);
i.e.,acquired on randomly oriented samples; positioned to maximize the signal. The c-axis of unoriented
samples was checked so that none of the spectra were acquired with the beam parallel to the axis.

The absorption coefficient (a) was plotted to all UV-Vis-NIR and FTIR spectra. This was calculated
using the formula a = 2.303 A/d, where A is the absorbance and d is the path length (or sample thickness
for measurements on parallel polished windows) in cm.

Raman spectra were acquired using a Renishaw inVia spectrometer (Renishaw plc, Wotton-under-Edge,
Gloucestershire, UK) from 100 to 2000 cm™" and from 3300 to 3950 cm™~!, coupled with an optical
microscope, 514 nm excitation wavelength (diode-pumped solid-state laser), 1800 grooves/mm grating,
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notch filter, 40-micron slit, a spectral resolution of around 2 cm ! and calibrated using a diamond at
1331.8 cm™!. For the 100-2000 cm~! range, 40 mW laser power on the sample was used to acquire all
Raman spectra (except for one sample from Colombia and one sample from Afghanistan, where a laser
power of 8 mW was used to avoid spectra saturation linked to high sample luminescence), 50x short
distance objective lens, an acquisition time of 20 s and five accumulations. As for the 3300-3950 cm™!
range, laser power of 0.8 mW on the sample was used to acquire all Raman spectra, 50x short distance
objective lens, an acquisition time of 10 s (except for one sample from Colombia, where an acquisition
time of 5 s was used) and 60 accumulations (except for the aforementioned sample from Afghanistan,
where 40 accumulations were used).

Photoluminescence spectra from 550 to 900 nm were acquired on the samples using the Raman
spectrometer with a 0.04 mW laser power on the sample, 50x short distance objective lens and an
acquisition time of 10 s; different parameters were used for a sample from Afghanistan: 0.00008 mW
laser power and an acquisition time of 20 s. Most spectra were acquired parallel and perpendicular to
the samples’ c-axis; the c-axis was positioned using a polariscope and a conoscope.

LA-ICP-MS chemical analysis was performed using an iCAP Q (Thermo Fisher Scientific; Waltham,
MA, USA) Inductively Coupled Plasma-Mass Spectrometer (ICP-MS) coupled with a Q-switched Nd:
YAG Laser Ablation (LA) device operating at a wavelength of 213 nm (Electro Scientific Industries,
Fremont, CA, USA). A laser spot of 40 um in diameter was used, along with a fluence of around
10 J/em? and a 10 Hz repetition rate. The laser warmup/background time was 20 s, the dwell time
was 30 s, and the washout time was 50 s. For the ICP-MS operations, the forward power was set at
~1550 W, the typical nebulizer gas (argon) flow was ~1.0 L/min and the carrier gas (helium) set at
~0.80 L/min. The criteria for the alignment and tuning sequence were to maximize the beryllium (Be)
counts and keep the ThO/Th ration below 2%. NIST 610 and NIST 612 glasses were used for calibration
standards. The time-resolved signal was processed in Qtegra ISDS software (version 2.10, Thermo
Fisher Scientific; Waltham, MA, USA) using silicon (*°Si) as the internal standard, applying 31.35 wt %
theoretical value for beryl. The limits of detection (LOD) and limits of quantification (LOQ) for each of
the abovementioned elements are shown in Table 2. These limits differ from day to day (for every
set of measurements), so they are presented as ranges, from the lowest to the highest. Three spots
were analysed on every sample and five were analysed on samples from Ethiopia and Zimbabwe.
The measured points were checked under a microscope (Nikon, Shinagawa, Tokyo, Japan) to make
sure they are on green zones without inclusions (however, the presence of micro-inclusions cannot be
completely ruled out).

Table 2. LA-ICP-MS detection limits and ranges in ppmw.

Limits "Li 25Na Mg 3K 455¢
LOD 0.29-0.87 7.00-49.13 0.28-1.24 6.82-17.72 0.44-1.07
LOQ 0.87-2.42  21.00-147.38  0.83-3.73  20.45-53.16  1.32-3.20

Limits Sy 52¢Cr 55Mn 56Fe 59Co
LOD 0.29-0.85 1.36-1.99 0.23-0.67 4.37-6.51 0.09-0.42
LOQ 0.86-2.54 4.07-5.96 0.70-2.01 13.12-19.52  0.28-1.25

Limits 60N 667n Ga 85Rb 133Cs
LOD 2.71-6.11 0.65-2.28 0.13-0.45 0.15-0.28 0.02-0.07
LOQ 8.12-18.33 1.94-6.85 0.39-1.36 0.44-0.83 0.06-0.21

LOD: Limits of detection; LOQ: Limits of quantification.

The amount of water in emeralds is difficult to measure directly. However, it was found to be
linked to Na,O concentration [79] and can be calculated using the following equation: HyO wt % =
0.5401 x In(Na,O wt %) + 2.1867 [80].
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3. Results and Discussion

3.1. LA-ICP-MS

LA-ICP-MS data on the studied samples are presented in Table 3 and all acquired individual
chemical analysis are presented in Tables S1-S8. 3Na (sodium) and Mg (magnesium) are the most
abundant of the minor and trace elements measured in the studied samples, with all studied samples
from Zimbabwe (Sandawana) having Na,O > 2 wt %. It has been suggested that a Na,O content of
emeralds <1 wt % is considered low, 1 wt % < medium < 2 wt % and >2 wt % high [56]. The studied
emeralds from Colombia had a relatively low Na,O content. The samples from Afghanistan, Russia and
Brazil had relatively low to medium Na,O content, with those from Brazil having a medium sodium
content as well as most of the studied samples from Afghanistan. Relatively medium to high, and
fairly high, sodium quantities were presented by the samples from Ethiopia, Madagascar, Zambia and
Zimbabwe, with the latter exhibiting the highest content amongst the studied samples. The calculated
water content of the studied samples is listed in Table 3; the Colombian samples presented the lowest
calculated water content (1.69-2.17%), followed by Russian samples (1.99-2.3%), samples from Brazil
(2.17-2.47%) and samples from Afghanistan, with calculated water content ranging from low (1.93%) to
relatively high (2.54%). The vast majority of the other studied samples presented a water content >2.5%.
The plot of MgO vs. Na,O presents a positive correlation (Figure 1), with a Na,O/MgO ratio being
below 1 for most of the studied samples; only the studied Russian samples presented a ratio >1, with a
1.33 median and a 1.34 average (see Table 3). Data of samples from Brazil, Russia, Zimbabwe, Zambia
and Madagascar are similar to previously published data measured with a microprobe [52,55-57,77];
some of the Russian emeralds were found to contain higher MgO with a Na,O/MgO ratio <1 [55].
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Figure 1. Binary plot of MgO (wt %) vs. NayO (wt %).

125



Minerals 2019, 9, 561

Table 3. LA-ICP-MS of the samples in ppmw.

Samples Element Min-Max Average (SD) Median
7Li 84.9-162 115.81 (25.86) 108
NayO (%) 0.63-1.91 1.27 (0.46) 1.44
MgO (%) 0.71-2.45 1.51 (0.60) 1.69
MK 107-1540 713.63 (497.38) 710
45gc 148-2390 669.07 (782.41) 256
Sty 557-3130 1312.48 (766.18) 1100
52¢r 500-3840 1994.26 (1257.28) 2160
55Mn BQL-3.09 0.78 (1.02) BQL
Afghanistan (Panjsher) 56Fe 781-2530 1394.70 (550.92) 1270
9 samples, 27 analysis 59Co BQL** BQL BQL
0N BQL BQL BQL
667n BQL BQL BQL
Ga 10.1-28.7 17.17 (6.04) 14.8
85Rb 11-97.50 48.90 (30.84) 46.40
133Cg 22.1-75.9 40.11 (14.98) 416
S2¢Crply 0.83-2.64 1.47 (0.59) 1.20
Na,O/MgO (%) 0.77-0.92 0.85 (0.04) 0.85
Alkalis* (%) 0.49-1.61 1.03 (0.40) 1.16
H,O (%) 1.93-2.54 2.28 (0.22) 2.38
7Li 45.90-97.30 64.11 (14.60) 59.90
NayO (%) 0.97-1.70 1.32 (0.17) 1.34
MgO (%) 1.13-2.06 1.53 (0.21) 1.53
MK 152-385 246.83 (65.60) 239.50
4550 17.5-153 60.3 (31.47) 51.15
Sty 52.50-177 116.52 (32.72) 117.50
52y 997-5700 2508.46 (1051.82) 2360
55Mn 4.49-24.10 14.10 (5.67) 13.40
Brazil (Itabira) 56Fe 4540-8760 6407.59 (1122.38) 6220
18 samples, 54 analysis Co 1.94-2.96 2.47 (0.30) 247
60N BQL BQL BQL
667n 28.40-87.40 55.31 (12.31) 57.20
“Ga 6.68-13.80 11.42 (1.73) 11.90
85Rb 19.10-52.60 32.73 (8.16) 31.25
133Cg 35.50-128 75.52 (23.10) 76.85
52¢yly 8.30-39.45 21.93 (7.03) 21.05
Na,O/MgO (%) 0.81-0.94 0.87 (0.03) 0.87
Alkalis* (%) 0.75-1.30 1.02 (0.13) 1.05
H,0 (%) 2.17-2.47 2.33 (0.07) 2.35
7Li 62-163 87.20 (35.04) 69.10
NayO (%) 0.40-0.97 0.60 (0.16) 0.56
MgO (%) 0.46-1.04 0.67 (0.16) 0.62
9K BQL BQL BQL
45g¢ 9.17-441 120.14 (135.30) 56.90
Sly 879-6340 2530.92 (1724.94) 2175
S2¢r 240-2820 800.71 (788.24) 432
5Mn BQL BQL BQL
Colombia (Coscuez) 50Fe 507-1860 902.71 (493.08) 683
8 samples, 24 analysis ¥Co BQL BQL BQL
60N BQL BQL BQL
667n BQL BQL BQL
“Ga 25.7-58.5 39.30 (11.82) 33.95
85Rb 0.79-2.52 1.31 (0.48) 1.12
1383¢Cs 4.83-12.1 8.54 (2.47) 8.31
S¢Sy 0.12-0.45 0.31 (0.09) 0.31
Nap,O/MgO (%) 0.81-0.95 0.89 (0.04) 0.89
Alkalis* (%) 0.30-0.73 0.46 (0.12) 0.43
H,0 (%) 1.69-2.17 1.90 (0.13) 1.87
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Table 3. Cont.

Samples Element Min-Max Average (SD) Median
7Li 271-427 345.65 (51.78) 334.50
NayO (%) 1.71-2.16 1.96 (0.14) 1.97
MgO (%) 2.02-2.55 2.34 (0.15) 2.37
MK 290-444 374.45 (52.77) 371.50
45gc 57-150 114.30 (34.50) 125.50
Sly 96.30-123 112.70 (8.10) 114.50
52y 2000-5010 3655 (1060) 3795
55Mn 9-21.1 16.51 (4.22) 18.30
Ethiopia (Shakisso) 56Fe 3980-5390 4867 (507.64) 5050
4 samples, 20 analysis Co 1.27-2.20 1.65 (0.19) 1.65
60N} BQL-14.4 3.32(5.91) BQL
667n 32.20-44.80 37.10 (3.27) 36.40
Ga 16.40-20.50 18.77 (1.18) 19.15
85Rb 50.60-64.70 57.47 (4.58) 57.95
133Cs 270-427 347.50 (58.82) 341.50
52¢rSly 19.80-43.66 32.08 (8.26) 32.95
Nap,O/MgO (%) 0.78-0.92 0.84 (0.04) 0.83
Alkalis* (%) 1.38-1.71 1.57 (0.10) 1.59
H,0 (%) 2.48-2.60 2.55 (0.04) 2.55
7Li 57.50-128 98.45 (19.47) 104
NayO (%) 1.82-2.41 2.05 (0.16) 2.01
MgO (%) 2.07-3.02 2.58 (0.30) 2.59
MK 314-3150 1388.74 (808.89) 1090
45g¢ 21-309 75.59 (86.47) 34.50
Sty 102-386 224.85 (96.63) 229
52¢r 1490-3770 2380.37 (737.41) 2410
55Mn 8.65-28.50 15.22 (5.56) 15.30
Madagascar 56Fe 7310-11200 9824.81 (1131.24) 10,100
o (Nia“a;;ary)l _ %Co 1.69-4.50 3.17 (0.70) 3
samples, 2/ analysis 60N 18.10-38.60 28.94 (6.30) 30.60
667n 9.06-32 16.59 (6.65) 15.10
“Ga 6.13-13.10 8.15 (1.98) 7.72
85Rb 42.70-407 167.10 (106.29) 175
133¢g 105-1050 430 (297.51) 324
52¢yply 4.49-22.54 12.45 (5.90) 10
Na,O/MgO (%) 0.71-0.97 0.80 (0.08) 0.80
Alkalis* (%) 1.46-1.92 1.73 (0.13) 1.77
H,0 (%) 2.51-2.66 2.57 (0.04) 2.56
7Li 736-911 826.93 (60.19) 831
NayO (%) 0.70-1.23 0.91 (0.18) 0.85
MgO (%) 0.47-1.04 0.70 (0.20) 0.64
3K BQL-103 40.87 (41.97) 52
455¢ 19.50-72.90 43.52 (21.93) 44.20
Sty 29.80-128 80.64 (37.30) 90.90
52¢r 318-1700 905.27 (446.14) 841
55Mn 13.50-22.60 19.16 (3.24) 20.60
Russia (Ural) 56Fe 1210-1900 1600.67 (235.75) 1640
5 samples, 15 analysis %Co BQL-2.09 1.08 (0.73) 1.19
60N} BQL-23.20 12.90 (8.35) 16
667n 38.10-62.60 48.62 (7.97) 45.40
“Ga 6.28-19.50 13.69 (4.40) 13.70
85Rb 7.88-27.20 17.46 (7.61) 16.30
133Cs 252-568 350.53 (112.54) 308
52¢ySly 6.57-16.13 11.79 (3.27) 11.86
NayO/MgO (%) 1.15-1.58 1.33 (0.13) 1.34
Alkalis* (%) 0.65-1.04 0.80 (0.13) 0.75
H,0 (%) 1.99-2.30 2.13(0.10) 2.10
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Table 3. Cont.

Samples Element Min-Max Average (SD) Median
7Li 492-741 639.17 (76.19) 661
NayO (%) 1.95-2.32 2.12(0.11) 2.14
MgO (%) 2.02-2.62 2.32(0.21) 2.35
MK 376-716 508.50 (121.79) 451
455¢ 19.80-63.40 41.63 (13.94) 44.25
Sty 79.30-147 112.82 (24.87) 113.15
52¢y 349-2360 1430.94 (760.72) 1680
55Mn 11-32.30 22.52 (7.95) 24.70
Zambia (Kafubu) 56Fe 6320-9590 8239.44 (932.06) 8440
6 samples, 18 analysis Co 2.23-3.26 2.81(0.31) 2.82
60N BQL-28.40 20.02 (6.30) 19.95
667n 17.20-46.60 31.75 (10.54) 35.40
Ga 11.90-17.10 14.84 (1.56) 14.90
85Rb 41.40-87.30 62.99 (16.16) 63.90
133Cg 941-1410 1201.72 (148.15) 1215
52¢rply 3.82-25.38 13.20 (7.75) 13.92
Na,O/MgO (%) 0.82-1.00 0.92 (0.05) 0.92
Alkalis* (%) 1.67-1.94 1.81 (0.08) 1.83
H,0 (%) 2.55-2.64 2.59 (0.03) 2.60
7Li 512-1050 818.20 (214.17) 930
NayO (%) 2.10-2.75 2.48 (0.24) 2.62
MgO (%) 2.17-2.80 2.58 (0.23) 2.69
MK 230-434 354.73 (86.32) 407
455¢ 16.90-26.80 20.85 (3.92) 18.80
Sty 185-280 219.27 (38.75) 198
%2¢r 14302070 1790 (237.25) 1770
] 5Mn 47-93 62.85 (17.52) 53.40
Zimbabwe 56Fe 4320-7050 6062.67 (1170.14) 6810
(Sandawana) 59Co 1.98-2.55 226 (0.17) 225
3 samples, 15 analysis 60N BQL-19.70 14.67 (5.36) 16.60
667n 72.90-84.70 79.49 (3.49) 79.30
“Ga 24.80-33.70 28.37 (3.28) 27
85Rb 217-299 263.47 (32.29) 279
133Cs 274-756 589.07 (224.06) 739
52¢yly 7.32-10.05 8.25 (0.85) 8.14
Na,O/MgO (%) 0.93-1.00 0.96 (0.02) 0.96
Alkalis* (%) 1.68-2.29 2.04 (0.23) 218
H,0 (%) 2.59-2.73 2.67 (0.05) 2.71

* Alkalis: 7Li + 2Na + %K + 85Rb + 33Cs; **BQL: Below Quantification Limits.

Chemical elements responsible for the colour of emeralds, such as Cr, V and Fe, can be seen in
various amounts (e.g., *Fe up to 11200 ppmw for a sample from Madagascar). The 32Cr/>!V ratio vs.
56Fe is represented in Figure 2. The ®2Cr/>!V ratio is >3.8 for all studied Type IA samples. All studied
samples from Colombia presented >Cr < 51V, with a 2Cr/>!V ratio ranging from 0.12 to 0.45. Only two
of the nine studied samples from Afghanistan presented >Cr/>!V < 1, while the other studied samples
had ratios reaching up to 2.64 (see Table 3 and Figure 2). The distribution and scattering of the analysed
points in Figure 2 might be influenced by the colour of the analysed samples (e.g., all samples from
Russia were light green in colour).

Alkali metals, other than 2°Na, are also present in emeralds in different concentrations (see 7Li, YK,
85Rb and 33Cs in Table 3). The sum of the concentrations of all alkali metals (“Li + 2*Na + 3K + ®Rb +
133Cs) measured in the studied samples is divided here into low (sum < 1%), medium (1% < sum < 2%)
and high (sum > 2%). Samples from Colombia presented a low sum of alkalis, ranging from 0.30% to
0.73% (average: 0.46%, median: 0.43%), from Russia 0.65% to 1.04% (average: 0.80%, median: 0.75%),
from Brazil 0.75% to 1.30% (average: 1.02%, median: 1.05%), from Afghanistan 0.49% to 1.60% (average:
1.03%, median: 1.16%) and all the rest of the samples presented a medium to high sum of alkalis (2.29%
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for a sample from Zimbabwe). Thus, the emeralds studied from Type IA occurrences can be separated
into those with a low to medium sum of alkalis <1.30% (from Brazil and Russia) and those with a sum
>1.35% (all the other emeralds of the same type; i.e., from Ethiopia, Madagascar, Zambia and Zimbabwe).
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Figure 2. Binary plot of >>Cr/>'V vs. %Fe.

The alkali metal concentration of emeralds from different localities can vary and their plots are
useful for separating them [14,42,70,81]. The studied samples can be divided into those with relatively
low “Li (<200 ppmw)—Afghanistan, Brazil, Colombia and Madagascar, and those with medium to
high “Li (>250 ppmw)—Ethiopia, Russia, Zambia and Zimbabwe (see Table 3). In parallel, the samples
from Colombia did not present a detectable amount of *K. The samples from Russia contained low
amounts of potassium, with some measurements being below quantification limits (BQL). Samples
from Madagascar showed the highest concentrations of potassium (up to 3150 ppmw, with 1389 ppmw
average and 1090 ppmw median values) and the concentrations of emeralds from Afghanistan varied
from low (107 ppmw) to high (1540 ppmw). In Figure 3, a "Li vs. K binary plot of the studied
samples is presented. Samples with low lithium (“Li < 200 ppmw) can be separated from those with
medium to high lithium ("Li > 250 ppmw). Most of the samples from Russia are clustered separately
from the other samples with medium to high lithium (Ethiopia, Zambia, Zimbabwe) as they contain
relatively little potassium (*K < 105 ppmw). The samples from Colombia are not plotted as they do
not contain measurable potassium with LA-ICP-MS. In comparison with published data obtained with
LA-ICP-MS [70,80,82], the studied samples from Brazil, Ethiopia, Madagascar, Zambia and Zimbabwe
presented similar trends. Zambian samples presenting higher potassium and a similar content of
lithium, as well as low lithium and high potassium, and samples from Zimbabwe, with relatively low
lithium content, have also been presented in previous studies [42,81]. It is also mentioned in a previous
publication that some samples from Russia could present higher potassium [55].

In Figure 4 a ¥K vs. 2*Na binary plot is presented. As mentioned previously, the samples from
Brazil and Madagascar are the only ones studied that belong to the Type IA occurrence type and
contain relatively little lithium ("Li < 200 ppmw). It looks as samples from Madagascar can be further
separated from samples from Brazil by using this plot, as the samples from Madagascar contain higher
sodium and potassium than the Brazilian samples. Using the same plot, Russian samples can also be
further separated from other samples of the Type IA occurrence type by those samples with medium
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to high lithium content (i.e., from Ethiopia, Zambia and Zimbabwe), as they contain low sodium
and potassium.
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Figure 3. Binary plot of “Li vs. %K.
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Figure 4. Binary plot of ¥K vs. 2*Na.

In Figures 5-8, ®Rb vs. 133Cs, 7Li vs. #Rb, "Li vs. 133Cs and 33Cs vs. ?*Na binary plots are
presented, respectively. All measured samples are plotted as they all presented concentrations of
lithium, sodium, caesium and rubidium measurable with LA-ICP-MS (see Table 3). Apart for the
samples from Brazil and Madagascar, which belong to Type IA occurrences, the samples from Colombia
and Afghanistan present low “Li. Samples from Colombia also presented the lowest rubidium
(®5Rb < 1.88 ppmw) and caesium (***Cs < 12.1 ppmw), whereas samples from Zimbabwe presented
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the highest rubidium (167 ppmw < 85Rb < 227 ppmw; 264 ppmw average and 279 ppmw median
concentrations). Some of the samples from Madagascar also presented high rubidium (¥Rb > 100 ppmw,
up to 317 ppmw). Samples from Zambia presented the highest caesium content (from 941 to 1410 ppmw,
1202 ppmw average and 1215 ppmw median values). According to the literature, some samples
from Zambia (Kafubu) could have relatively low lithium [42,70], while some have lower caesium and
rubidium [40]. Samples from Colombia are plotted separately in the three plots of Figures 5-7 as they
contain the lowest rubidium, caesium and lithium. Samples from Zimbabwe and most samples from
Madagascar contain high rubidium and caesium and so they are also plotted separately (see Figure 5).
Samples from Madagascar and Zimbabwe can be separated as the former have a low lithium content
and the latter have a high content (Figures 6 and 7). Samples from Ethiopia and Zambia are well
separated in a “Li vs. 133Cs binary plot (Figure 7), as samples from Zambia contain the highest caesium;
however, a slight overlap was observed between the two in another publication [81]. Emeralds in
close connection with highly evolved pegmatites present high lithium and caesium (see Figure 7;
emeralds from Russia, Zambia and Zimbabwe) as most of the extremely fractionated rare-element
granitic pegmatites of the complex LCT (lithium, caesium, tantalum) association are enriched in lithium
and caesium [70,83]. Possible differences in the alkalis of emeralds of Type IA could be linked to the
difference between their granites-pegmatites [83-87]. In comparison with published data obtained with
LA-ICP-MS [42], the samples from Zambia and Zimbabwe presented similar trends; a few Zambian
samples presented higher potassium and a similar content of lithium, and a few others presented
lower lithium, lower caesium and higher potassium. The lithium and caesium content of the studied
samples from Afghanistan did not vary much; however, potassium, sodium and rubidium exhibited
a great variation (see Table 3). In Figure 8, in a 133Cs vs. 2*Na binary plot, samples from Colombia,
Brazil, Ethiopia, Russia and Zambia shows that individual measurements from each of these localities
are clustered closely, whereas those obtained from Afghanistan, Madagascar and Zimbabwe present a
wide variation.

455¢, 5Mn, ¥ Co, °ONi, ©Zn and **Ga could also help with the determination of emeralds’ origin.
59Co, ®Ni and °0Zn were BQL for all the samples from Afghanistan and Colombia; all studied samples
belonging to Type IA occurrence presented *°Co and ®°Zn and, some of them, measurable ®*Ni with
LA-ICP-MS (see Table 3). Nickel could be used to separate Malagasy from Brazilian samples (both with
low lithium); it is detectable in the former (average: 28.94 ppmw) and BQL for the latter. Some samples
from Afghanistan as well as most samples of Type IA occurrence presented detectable manganese,
and the samples from Zimbabwe presented the highest zinc and manganese contents of the studied
samples. Emeralds from Colombia presented the highest gallium content (27.5 to 58.5 ppmw), followed
by emeralds from Zimbabwe (24.8 to 33.7 ppmw), while those from Brazil had the lowest (6.68 to
13.8 ppmw). Nevertheless, Colombian samples with low gallium are cited in the literature [42,64].
Scandium is also present in all studied samples, with emeralds from Afghanistan presenting a large
variation and the highest content (148 to 2390 ppmw; high scandium in emeralds from Afghanistan
was also noted in [40,42,64]). Also, Colombian samples presented a variation from relatively low to
high content of scandium (9.17 to 441 ppmw), as well as the Malagasy samples (21 to 309 ppmw).
In Figures 9 and 10, ®Ga vs. #5Sc and 7Li vs. #*Sc binary plots are presented, respectively. Samples
from Colombia and Zimbabwe are separated from the rest in Figure 9 due to their higher gallium
content as well as two out of nine of the studied samples due to their high gallium content. In Figure 10,
the samples from Ethiopia are plotted separately in between the samples with low lithium and those
with high lithium, as they also contain medium scandium concentrations.

In Figure 11, a binary plot of 133Cs vs. 2Na/’Li ratio is presented; in this, the studied Ethiopian,
Russian and Zambian emeralds (all with 7Li > 250 ppmw) are well separated. The plotted points of
Ethiopian samples overlap only with those from one sample from Zimbabwe and the plotted points
from Zambia with the analysis of two out of the three studied samples from Zimbabwe. As mentioned
above, the samples from Zimbabwe contain high rubidium and could be easily separated from the
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samples from Ethiopia and Zambia (see again Figures 5 and 6). Our results on the Russian emeralds
present slightly lower 23Na/”Li ratios compared to those presented in [19].
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Figure 5. Binary plot of ®Rb vs. 133Cs.
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In Figure 12, a Ga vs. Zn vs. Li triplot is presented, with most samples plotted showing similarity
to those presented in [64]; only the samples from Afghanistan differ. Samples belonging to Type II
occurrences do not present any measurable zinc with LA-ICP-MS; thus, they are plotted separately
from the samples from Type IA occurrences. From the latter, studied samples from Brazil are plotted
separately from the studied samples from Madagascar (both present low lithium contents). Some
points of the samples from Madagascar overlap with the other samples from Type IA occurrences,
but they can be separated as they contain medium to high lithium.
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3.2. UV-Vis-NIR Spectroscopy

In Figures 13-15, UV-Vis polarised spectra with a spectral range of 250 to 900 nm of three green
emeralds from Colombia, Afghanistan and Zambia, respectively, are presented. The light blue lines are
for the ordinary-ray (o-ray) spectra and the orange lines are for the extraordinary-ray (e-ray) spectra.
All emeralds from Colombia (see an example in Figure 13) presented absorptions due to Cr>* and V3*
in the violet-blue part (around 430 nm) and absorption in the orange-red part (around 600 nm), with
a shoulder at around 395 nm due to vanadium [34,42,53,62,88-92]. All spectra on the emerald from
Afghanistan (Figure 14) show absorptions due to Cr®* (some of the studied samples also presented
the bands due to V3*), with relatively low Fe?*-linked absorption at around 830 nm and very weak
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absorption at around 370 nm (barely observed along the o-ray) due to Fe®*. All studied emeralds
classified as Type IA (i.e., from Brazil, Ethiopia, Madagascar, Russia, Zimbabwe and Zambia) presented
absorptions linked to Cr**, Fe®* and Fe?* (see an example in Figure 15; Table 4). Some samples also
presented additional weak bands in the red part of the electromagnetic spectrum, possibly linked to
Fe?*-Fe?+ charge transfer (e.g., from Zambia and Madagascar) [91].

Cr3n v

Cr3+ V3t

Absorption Coefficient (cm™)
5

0

250 300 350 400 450 500 550 600 650 700 750 800 850 900
‘Wavelength (nm)

Figure 13. UV-Vis polarized spectra of an emerald from Colombia. The light blue and orange lines are
for the o-ray and e-ray spectra, respectively. The upper spectrum has been vertically offset for clarity.

Table 4. UV-Vis absorptions linked with colouring elements of the studied samples.

Locality Cr3t v+ Fe3* Fe2*
v )

Afghanistan
Brazil
Colombia
Ethiopia
Madagascar
Russia
Zambia
Zimbabwe

<<

v

SENENENENENENEN
SNENENENEN
CANNARAR

V1 present; (v): sometimes present with low intensity

In Figures 16-18, polarised spectra in the near infrared region (NIR) from 1300 to 1500 nm,
of the samples shown in Figures 13-15, are presented. The bands in those figures are linked to water
vibrations (overtone and combination). The more pronounced bands observed along the e-ray (orange
line) are linked to Type I water (main band at around 1400 nm —around 7142 cm™!) and those along the
o-ray (light blue line) to Type Il water (i.e., water linked with alkalis; main band at 1408 nm —around
7102 cm™) [88,93-95]. Consequently, Type II water bands are more intense in samples with a higher
content of alkalis; thus, they are weaker in emeralds from Colombia (Figure 16). The bands are of
medium intensity in samples from Brazil, Russia and seven out of nine samples from Afghanistan and
one sample out of four from Ethiopia (Figure 17), and intense in all samples from Madagascar, Zambia and
Zimbabwe, as well as three out of four from Ethiopia and two out of nine from Afghanistan (Figure 18).
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Figure 14. UV-Vis polarized spectra of an emerald from Afghanistan. The light blue and orange lines
are for the o-ray and e-ray spectra, respectively. The upper spectrum has been vertically offset for clarity.
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Figure 15. UV-Vis polarized spectra of an emerald from Zambia. The light blue and orange lines are
for the o-ray and e-ray spectra, respectively. The upper spectrum has been vertically offset for clarity.

Thus, all emeralds from Type IA occurrences presented relatively important absorptions linked to
Type Il water; only the samples from Brazil, Russia and one (out of four) from Ethiopia showed medium
to weak absorptions of Type Il water and pronounced absorptions of Type I water. This is probably
due to a lower content of alkalis in these samples compared to the other studied samples from Type IA
occurrences. The samples from Colombia and most of the studied samples from Afghanistan (seven
out of nine) show similar characteristics to those from Brazil, Russia as well as one from Ethiopia; those
from Colombia exhibited the lowest intensity of Type II water bands. Two samples from Afghanistan
(belonging to Type II occurrences) present relatively important absorptions linked to Type II water.

137



Minerals 2019, 9, 561

1408

£
= 1.
£
ki
% 10
S
-
§
s
g 1400
2
2
6
a4
2
0
1300 1325 1350 1375 1400 1425 1450 1475 1500

Wavelength (nm)

Figure 16. NIR polarized spectra of an emerald from Colombia. The light blue and orange lines are for
the o-ray and e-ray spectra, respectively. The upper spectrum has been vertically offset for clarity.
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Figure 17. NIR polarized spectra of an emerald from Afghanistan. The light blue and orange lines are
for the o-ray and e-ray spectra, respectively. The upper spectrum has been vertically offset for clarity.
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Figure 18. NIR polarized spectra of an emerald from Zambia. The light blue and orange lines are for
the o-ray and e-ray spectra, respectively. The upper spectrum has been vertically offset for clarity.
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3.3. FTIR Spectroscopy

FTIR spectra were acquired on randomly oriented samples (see an example in Figure 19). Ataround
3500 cm™!, where the vibrations linked to water molecules’ stretching are situated, all samples presented
complete absorption due to their thickness. From 4500 to 6000 cm™!, the combination water bands
are situated with a series of bands at around 5270 cm™! that are linked to Type I and Type II water.
From 6500 cm™! (1538.5 nm) to 7500 cm™! (1333.3 nm), overtone and combination water bands are also
observed, the same as was observed in the NIR region presented above [88,93,95].

At the region from 2200 to 2850 cm™! (Figure 20), a series of bands linked to H,O, D,O, CO, and
chlorine are present [66,76,95,96]. More precisely, the bands situated at 2470, 2640, 2670 and 2735 cm~?,
which are related to the stretching vibration of deuterated water, are observed in all the spectra of all
the studied samples, with differing intensities [97]. An additional band at around 2290 cm™!, is linked
to water, is also observed in all studied samples; it is also found in some hydrothermal synthetic
emeralds [14,98]. The series of bands from 2300 to 2400 cm™! (with the main band situated around
2358 cm™1) is attributed to CO, and vibrations linked to the presence of 13C and 80 isotopes [66,95].
The band at around 2818 cm™! was found only in the samples from Colombia and Afghanistan and
none of the others, but it was also observed in emeralds from Norway; this band is possibly linked to
chlorine [65,66].

Absorption Coefficient (cm)

o
2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 8000
Wavenumber (cm!)

Figure 19. FTIR spectra of an emerald from Colombia (blue spectrum) and from Zimbabwe (red
spectrum). The upper spectrum has been vertically offset for clarity.

Absorption Coefficient (cm?)

7
2200 2250 2300 2350 2400 2450 2500 2550 2600 2650 2700 2750 2800
Wavenumber (cm)

Figure 20. FTIR spectra of an emerald from Colombia (blue spectrum) and from Zimbabwe (red
spectrum). The upper spectrum has been vertically offset for clarity.
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Emerald FTIR spectra display strong polarisation phenomena [95,96]. For example, deuterated
water bands are distinctly more pronounced in spectra acquired along the extraordinary-ray, and CO,
bands are more pronounced along the ordinary-ray [95,96].

3.4. Raman Spectroscopy

Raman spectra ranging from 200 to 1300 cm™! and from 3520 to 3680 cm™! were acquired on
different directions, with the laser beam perpendicular to the c-axis (spectra in black colour) and parallel
to the c-axis (spectra in grey colour), without the use of a polariser. The results for an emerald from
Colombia are shown in Figures 21 and 22, of an emerald from Ethiopia in Figure 23 and of an emerald
from Zambia in Figure 24. Sometimes, it was challenging to acquire a proper spectrum with the 514 nm
laser due to emeralds’ chromium luminescence. Bands linked to SigO4g ring vibrations are situated
below 600 cm~!; the main band at around 686 cm™! is due to Be-O stretching vibrations, and the
main band at around 1070 cm™! is due to Si-O and/or Be-O stretching [58,72,95,97,99,100]. The relative
intensities of the Raman bands change following the different orientations; the band at around 686 cm™
is more intense in spectra acquired with the laser parallel to the c-axis and the band at around 1070 cm ™!
is more intense in spectra acquired with the laser perpendicular to the c-axis (Figure 21). The exact
position and full width half maximum (FWHM) of the band at 1070 cm~! was found to be useful for
separating natural emeralds from their synthetic counterparts, as well as low-alkali from high-alkali
emeralds, where the observed differences are due to silicon substitution with aluminium, beryllium
and lithium along with sodium, potassium and caesium for charge compensation [72,73]. In the
samples studied, the FWHM of the 1070 cm~! band (measured from the spectra acquired with the laser
perpendicular to the c-axis) in samples with higher alkali content is generally higher (FWHM < 22 cm™!
can be considered for those emeralds of low to medium alkali content), but the position of the band
is not shifted towards higher Raman shifts as alkalis increase (see Table 5). It is worth noting that
some of the samples studied showed different trends compared with [73]; the samples from Russia and
Brazil (Itabira) presented a lower content of alkalis. Additionally, the FWHM depends on the spectral
resolution; thus, it can be slightly different when using a different resolution.

The bands at around 3608 cm™' and 3598 cm™! are due to Type I water and Type II water,
respectively, which also present polarisation phenomena (see again Figures 22-24) [67,69,99]. In the
present study, the ratios of these Raman peaks’ intensities (I3608/I3598) Were greater for the spectra
acquired with the laser parallel to the c-axis. The described relative intensities presented in Table 5 are
for the spectra acquired with the laser perpendicular to the c-axis.

1069

Intensity (a.u)

200 300 400 500 600 700 800 900 1000 1100 1200 1300
Raman shift (cm™)

Figure 21. Raman spectra from 200 to 1300 cm™! of an emerald from Colombia. The black and
grey spectra are acquired with the laser beam perpendicular to the c-axis and parallel to the c-axis,
respectively. The upper spectrum has been vertically offset for clarity.
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Figure 22. Raman spectra from 3520 to 3680 cm™! of an emerald from Colombia. The black and
grey spectra are acquired with the laser beam perpendicular to the c-axis and parallel to the c-axis,
respectively. Note that the upper spectrum is shifted higher for clarity.
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Figure 23. Raman spectra from 3520 to 3680 cm™! of an emerald from Ethiopia. The black and
grey spectra are acquired with the laser beam perpendicular to the c-axis and parallel to the c-axis,
respectively. Note that the upper spectrum is shifted higher for clarity.
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3598

Intensity (a.u)

3520 3570 3620 370
Raman Shft cm)

Figure 24. Raman spectra from 3520 to 3680 cm™' of an emerald from Zambia. The black and
grey spectra are acquired with the laser beam perpendicular to the c-axis and parallel to the c-axis,
respectively. Note that the upper spectrum is shifted higher for clarity.
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A clear separation between emeralds from Type IA and Type II occurrences cannot be made using
Raman spectra (see again Table 5). This is due to the variation of alkali elements’ content in the samples
from the various geological environments, which might overlap. The Raman peak intensity of I3¢g is
higher than I 3508 (I3608 > I3598; see Figure 22) for all studied samples from Colombia, some samples
from Afghanistan, some from Brazil and from Russia; it is more or less equal (I3603 = I3598; see Figure 23)
for most samples from Afghanistan, Brazil and Russia, as well as some from Ethiopia, and lower
(I3608 < I3508; see Figure 24) for all studied samples from Madagascar, Zambia and Zimbabwe as well
as most from Ethiopia (see Table 5).

Table 5. Position and FWHM of the Raman band at around 1070 cm™?, relative intensities of the
Raman bands at 3598 cm™! and 3608 cm™! and position of the R1 photoluminescence bands for the
samples from different localities. All observations were made using spectra acquired with a laser beam
perpendicular to the c-axis.

Locality Position & FWHM I3608 & I3508 Intensities R1 Position (PL)
Afghanistan Féfgﬁggfﬁis 013{’30:0: >1315395898 683.7-684.2
e A
Colombia F‘}fgﬁigé:_g& I608 > I3s08 683.6-683.8
s SPAUDE el s
Madagascar 118‘6/3131;1:062%2'9 I3608 < I3508 684.2-684.4
Russia e o =l 683.7-683.8
Zambia 13‘6,3;”1\21:062%28 Tneos < Issos 684.3-684.4
Zimbabwe 1069.91-1071.81 I3608 < I3508 684.3-684.4

FWHM = 24.6-27 .4

3.5. PL Spectroscopy

PL spectroscopy of emeralds was suggested as a useful tool to separate natural emeralds
from synthetic ones, as well as to aid in emerald origin determination [58,61,72,74]. PL bands’
intensities and positions vary slightly in different orientations relative to the c-axis [74]. In Figure 25,
the photoluminescence spectra with a spectral range from 650 to 850 nm, acquired with the laser
beam perpendicular to the c-axis, of emeralds from Colombia (upper spectrum) and Zimbabwe
(bottom spectrum) are presented. Both samples presented two sharp bands at around 680 and 684 nm
linked to Cr®* (also known as R2 and R1 lines, respectively), as well as a broad band centred at around
720-740 nm, also linked with chromium [74,101]. It has been suggested that the exact position of
the R1 band can give valuable clues on emeralds’ natural vs. synthetic nature (no synthetics with
R1 > 683.7 nm) as well as on their geologic origin (schist-origin emeralds with R1 < 683.9 nm [74];
see also Figure 26). Table 5 lists the exact position ranges of this band in the spectra of the studied
samples. The studied samples show similar trends to those previously presented [74]; however,
the emeralds from Brazil and Russia presented R1 bands shifted towards lower wavelengths and at
683.9-684 nm and 683.7-683.8 nm, respectively. Additionally, the R1 band of the studied samples from
Afghanistan can vary in position, ranging from 683.6 to 684.2 nm.
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Figure 25. PL spectra from 650 to 850 nm of an emerald from Colombia (upper spectrum) and an
emerald from Zimbabwe (bottom spectrum). Note that the upper spectrum is shifted higher for clarity.
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Figure 26. PL spectra from 660 to 710 nm of an emerald from Colombia (upper spectrum) and an
emerald from Zimbabwe (bottom spectrum). Note that the upper spectrum is shifted higher for clarity.

4. Conclusions

LA-ICP-MS measurements on emerald samples from the eight most important sources reveal a
relatively low lithium content ("Li < 200 ppmw) for all studied emeralds from Type II occurrences
(Afghanistan and Colombia). Additionally, certain emeralds belonging to Type IA occurrences
(all samples from Brazil and Madagascar) can also present low lithium content ("Li < 200 ppmw),
whereas the emeralds from other Type IA occurrences (Ethiopia, Russia, Zambia and Zimbabwe)
present medium to high lithium contents ("Li > 250 ppmw). Measurements of the concentrations
of a combination of alkali elements present in Type IA and Type II occurrences can help with the
identification of emeralds from different mining areas. Scandium, manganese, cobalt, nickel, zinc
and gallium can further aid with the separation. Origin determination cannot be performed by only
studying one element or a single binary plot; it requires a combination of several.

UV-Vis spectra are useful in the separation of Type Il emeralds from Type IA emeralds as the former
contain iron-related bands of low intensity and the latter are of high intensity. Other spectroscopic
data (FTIR, Raman and photoluminescence spectroscopy) on emeralds can further help to separate
emeralds with low alkali element contents from those with high alkali element contents. However,
there is an overlap between samples from different geological environments; separation using solely
these methods should be undertaken with caution.
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Apart from the microscopic characteristics, it seems that using the combination of spectroscopic and
chemical characteristics (on green zones) presented in this work, a gem-quality emerald of “unknown”
location and of relatively large size (>1 ct), similar to client stones submitted to gemmological
laboratories, can be identified. First sorting could be done by using UV-Vis spectroscopy and the
intensity of iron-related bands, as emeralds from Type IA occurrences (Brazil, Ethiopia, Madagascar,
Russia, Zambia and Zimbabwe) contain intense iron-related bands and in emeralds from Type II
occurrences (Afghanistan and Colombia) iron-related bands are absent or of low intensity. Emeralds
from Type IA occurrences can be separated into those with low lithium (<200 ppmw for emeralds
from Brazil and Madagascar) and those with medium to high lithium (>250 ppmw for emeralds from
Ethiopia, Russia, Zambia and Zimbabwe). Low-lithium emeralds from Brazil contain less sodium,
less potassium and no (BQL) nickel as well as more zinc compared to those from Madagascar, so
plots combining these elements could help to separate these two. Medium- to high-lithium emeralds
from Russia contain less sodium and potassium and rubidium than those from Ethiopia, Zambia and
Zimbabwe. Samples from Zimbabwe present higher rubidium, gallium and manganese compared
to those from Ethiopia and Zambia. Samples from Zambia contain more caesium and lithium and
less scandium than the samples from Ethiopia, so they can be separated using plots combining these
elements as well as a binary plot of the 133Cs vs. 22Na/’Li ratio. Samples from Type I occurrences from
Afghanistan and Colombia can be separated as the former contain higher concentrations of potassium,
rubidium and caesium than the latter, and the scandium and gallium ratios differ as well.

The abovementioned scheme should be confirmed after studying a larger sample from these
areas and taking into account the microscopic features of the samples. Studies on a larger number
of gem-quality samples of green to dark green colour from various mining areas in the same region,
along with a detailed study of their host rocks (especially of Type IA emeralds), should be performed
in order to better understand the link between the trace elements and their geology and to better
predict possible variation in the trace elements of emeralds in the same mining region. Statistical
analyses (e.g., discriminant analysis) of the chemical data should be performed, as this might provide
an additional tool for emeralds” geographic origin determination. Samples from less productive
mining areas that have supplied gem-quality emeralds in the past, and might produce again in
the future, should be also studied (e.g., Swat Valley, Pakistan; Mushakashi, Zambia; Bahia, Brazil).
Additional measurements with a microprobe might help us to better understand the crystallochemistry
of the samples. Standards for LA-ICP-MS made of doped emeralds with various elements might
decrease any matrix effect and, in parallel, help with the measurement of trace elements with greater
accuracy. Additionally, LA-ICP-MS with improved detection limit or analysis with secondary ion mass
spectrometry (SIMS) may help further.

Polarised FTIR spectra on well-oriented samples should also be acquired in order to look for
potential differences between samples from different mines. Polarized Raman spectra should also be
collected in order to have a more accurate comparison between the vibrational data of different emeralds.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/9/9/561/s1,
Table S1: LA-ICP-MS analysis in ppmw of the studied emerald samples from Panjsher, Afghanistan; Table S2:
LA-ICP-MS analysis in ppmw of the studied emerald samples from Itabira, Brazil; Table S3: LA-ICP-MS analysis
in ppmw of the studied emerald samples from Coscuez, Colombia; Table S4: LA-ICP-MS analysis in ppmw of the
studied emerald samples from Shakisso, Ethiopia; Table S5: LA-ICP-MS analysis in ppmw of the studied emerald
samples from Mananjary, Madagascar; Table S6: LA-ICP-MS analysis in ppmw of the studied emerald samples
from Ural, Russia; Table S7: LA-ICP-MS analysis in ppmw of the studied emerald samples from Kafubu, Zambia;
Table S8: LA-ICP-MS analysis in ppmw of the studied emerald samples from Sandawana, Zimbabwe.
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Abstract: Ruby in diverse geological settings leaves petrogenetic clues, in its zoning, inclusions,
trace elements and oxygen isotope values. Rock-hosted and isolated crystals are compared from
Myanmar, SE Asia, and New South Wales, East Australia. Myanmar ruby typifies metasomatized
and metamorphic settings, while East Australian ruby xenocrysts are derived from basalts that
tapped underlying fold belts. The respective suites include homogeneous ruby; bi-colored inner
(violet blue) and outer (red) zoned ruby; ruby-sapphirine-spinel composites; pink to red grains and
multi-zoned crystals of red-pink-white-violet (core to rim). Ruby ages were determined by using
U-Pb isotopes in titanite inclusions (Thurein Taung; 32.4 Ma) and zircon inclusions (Mong Hsu;
23.9 Ma) and basalt dating in NSW, >60-40 Ma. Trace element oxide plots suggest marble sources
for Thurein Taung and Mong Hsu ruby and ultramafic-mafic sources for Mong Hsu (dark cores).
NSW rubies suggest metasomatic (Barrington Tops), ultramafic to mafic (Macquarie River) and
metasomatic-magmatic (New England) sources. A previous study showed that Cr/Ga vs. Fe/(V + Ti)
plots separate Mong Hsu ruby from other ruby fields, but did not test Mogok ruby. Thurein Taung
ruby, tested here, plotted separately to Mong Hsu ruby. A Fe-Ga/Mg diagram splits ruby suites
into various fields (Ga/Mg < 3), except for magmatic input into rare Mogok and Australian ruby
(Ga/Mg > 6). The diverse results emphasize ruby’s potential for geographic typing.

Keywords: ruby; Mogok; Mong Hsu; New South Wales; trace elements; LA-ICP-MS analysis;
inclusions; U-Pb age-dating; genetic diversity; geographic typing

1. Introduction

1.1. Background

Corundum is an aluminum oxide mineral in which trace element substitution of Al by Fe, Ti,
V and Cr act as chromophores. Rubies and sapphires are varieties in which ruby develops a red color
with sufficient entry of Cr3*, whereas sapphire develops blue, green, yellow purple, violet, mauve
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and pink colors due to substitutions of the other chromophore elements in the presence of lesser Cr
contents. Numerous gem corundum-bearing sites are known in SE Asia, where Mogok and Mong Hsu
in Myanmar are well known examples of ruby deposits [1-3]. In contrast, East Australia is particularly
noted for widespread placer sapphire deposits [2,3] and only scattered ruby-bearing deposits with
rubies that are unusual in character [4]. Ruby occurs in diverse geological settings, with ages ranging
from Neoarchean [5]-Proterozoic [3,6] to <5 Ma, and can form at wide ranges in temperature, pressure,
and fluid activity and oxidation conditions [1-7]. The ruby deposits are primarily formed by regional
metamorphism and/or from transportations from depth by volcanic processes, but the origins of the
corundum can be multi-staged processes [3,4]. Eluvial and alluvial (placer) ruby deposits can form by
weathering of the primary sources. Trace element studies together with O-isotope data and age dating
can be used to discriminate between lithological sources [7-11]. Geochemical testing, initially leading
to finger-printing [12], and further aided by O-isotope studies have become routinely used to enable
geographic typing of the corundum suites [13-16]. This now achieves greater control through use of a
wider range of minerals included in corundum for providing precise isotopic dating [17-19]. Quality
ruby is an expensive gemstone and is mostly not favored for even micro-destructive study. Optical
mineralogy combined with Raman spectroscopy remains a non-destructive technique for their testing,
along with their solid /melt inclusions, for origin determination. [20,21].

In this study [22], we present new comparative trace element results and age data from Myanmar
ruby fields, which typify metamorphosed and metasomatized carbonate and skarn settings at Mogok
and Mong Hsu, and compare them with eastern Australia ruby fields, which typically carry ruby
xenocrysts derived from basalt fields and found in placer deposits. This allows discussion of the
extreme individual diversities and geochemical characteristics found within and between Myanmar
ruby deposits and placer ruby sources in eastern Australia.

The regional tectonic settings of the Mogok and Mong Hsu, Myanmar and East Australian gem
regions involve the western Pacific continental margins, associated with the Asian and Australian
plates. The distribution of these zircon-corundum associations is shown in Figure 1, derived from
references [23,24]

1.2. Local and Geological Settings, Myanmar

The corundum-bearing gem deposits in the Mogok area include both in situ and secondary
deposits. They were described in detail [25,26] and only a relevant account is outlined here. A geological
map, and associated gem workings of the Mogok area, is shown in Figure 2. The Mogok gem stone tract
at the northern Mogok Metamorphic Belt (MMB) [27-32] is a source of world-class rubies, sapphires
and other gemstones. Myanmar ruby genesis is associated with carbonates [33,34].

The Mogok area is characterized by high-grade metamorphic rocks; the dominant unit is banded
gneiss with biotite, garnet, sillimanite and oligoclase. It is also interspersed with quartzite and bands
and lenses of marble with ruby [25,26]. The metamorphic rocks are intruded by alkaline igneous rocks
(mostly Oligocene-early Miocene sodic nepheline-syenite, and syenite-pegmatite and urtite suites) and
early Oligocene leucogranites. Earlier Jurassic (?) to early Cretaceous mafic-ultramafic peridotites,
norites minor dolerites and basalts are considered to represent layered cumulate intrusions rather
than ophiolite sequences. Biotite granitoids are widely exposed at Kabaing, (16 Ma) and Thabeikkyin
(130 Ma) near Mogok and some Oligocene-Miocene syenite pegmatites contain sapphires [25,26].
The Kabaing granitoids and metasedimentary rocks are commonly intruded by late-stage pegmatites
and aplites [35].
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Figure 2. Geological map of Mogok Gem Tract, modified from reference [11], showing main lithological
units and general distribution of gem deposits. The Thurein Taung workings lie ~4 km East of the
96°20745” E longitude map border and 2.3 km North of the 22°52" N latitude map border.
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The Thurein Taung study site is ~23 km W of Mogok Township at 96°22' 20.7 E, 22°54’ 12.7 N.
A prominent hill here has a core of steeply dipping white marble intruded by ijolite (Figure 3a,b). It is
flanked by diopside-marble intruded by alkali syenite pegmatite on one side and by gneiss on the
other flank. A skarn deposit in contact with leucogranite lies near the SW summit, where ruby and
painite are found associated with titanite, anatase, rutile, baddelyite, axinite, elbaite, schorl, dravite
and zircon [1]. The hill is covered in parts by alluvium and mine waste.

Diopside

Alkali syenite marble
</ pegmatite dyke

(b)

Figure 3. Thurein Taung ruby locality: (a) Hill exposing gem workings and scene for underlying
geology section. Viewed from the east. Basal distance across view is ~600 m; (b) Sketch diagram across
geological units (symbols and labels). V/H = 1, M1 = White Marble, M2 = Diopside marble, Gn =
Gneiss, €1 = ijolite dyke, €2 = alkali syenite pegmatite dyke. Sapphire-bearing lithologies intrude the
marbles (blue arrows), with sapphire deposits (s, inset). Ruby is associated with skarn near the top of
the hill. Images; Kyaw Thu.

In comparison, the Mong Hsu area (Figure 4), the second-largest ruby deposit in Myanmar,
is located in sedimentary and regional metamorphic rocks [17,27].
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Figure 4. Geological map (a) and geological section (A-B) of Loi Hsan Tao Mountain, Mong Hsu
area, Shan State, Myanmar, based on Than Than Nu in [36]. The ESE—dipping Lower Paleozoic
fold belt sequence, younging from west to east includes Biotite Schist (grey), Calc-Silicates (purple),
Dolomitic marble (brown), Phyllite and Quartzite (mauve). Alluvium (yellow) unconformably overlies
the sequence. Structural features include strike directions (longer lines) with amount of dip (short
lines normal to strike) and major fault (red line). The map north length represents 33.3 km. The ruby
workings are indicated at around Lo Hasen Tao Mountain on map at cross section A-B, H/V = 2.64).

The regionally metamorphosed rocks (probably of Palaeozoic age) include biotite-almandine—
staurolite schist, diopside calcsilicate rocks and biotite quartzite interbedded with biotite phyllite and
ruby-bearing white marble (Figure 4). Some granitic pegmatites intruded the metamorphic rocks in the
area and can be traced into the eastern and southeastern parts as far as Than Lwin River. In addition,
massive Plateau Limestone (Devonian?) occupies the northern part of the area and shale, siltstone,
minor limestone beds (Silurian) and bedded limestone (Ordovician) are present in the middle and
southeastern parts of the Mong Hsu area.

Primary occurrences of ruby were discovered around Loi Hsan Tao Ridge (elevation 1750 m),
about 3.6 km southeast of Mong Hsu town in Shan State of Myanmar [26,36,37]. In the Mong Hsu
area, a series of medium grade regionally metamorphosed rocks comprised of schist, calc-silicate rock,
quartzite, phyllite and ruby bearing dolomitic marble are exposed along Loi Hsan Tao ridge. The ruby
occurs in a 330 m thick white fine-grained dolomitic marble within that rock sequence which dips
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southeast between 30-70°. The main mode of occurrence of Mong Hsu ruby is in interconnected weak
planes or fissures which run parallel to the foliation of the host marble at upper levels but become
steeper and cross cut the foliation at depth. Ruby grains, lacking orientation, occur mostly as aggregates
together with vein calcite. Flat crystals and half-formed crystals are frequently found. At some work
sites, zonal occurrences of mineral assemblages with depth are observed, showing dolomite, tremolite
and talc in the upper zone, brucite and tourmaline in the middle zone and wollastonite in a lower zone.

1.3. Local and Geological Settings, East Australia

In East Australian gem fields, ruby is an accessory associate of other more abundant gem
xenocrysts, largely zircon and sapphire, found within scattered alluvial placer deposits [4,7,38]; Figure 5.
The xenocrysts are survivors from deeper seated source rocks breached by and transported to the
surface by basaltic eruptions, before erosional release into placers. In this study, rubies from three New
South Wales deposits were chosen for comparison, being from diverse settings within Paleozoic fold
belts in Australia [39], and representing well-characterized suites from previous studies.

At Barrington Tops, ruby occurs as fragmented and corroded composites within alluvial
deposits [40], which were derived from repeated basaltic events from the long-lived Barrington
Tops volcano, which had erupted for over 55 Ma [41]. The ruby-sapphirine-spinel composites suggest
a metamorphic origin at 780-940 °C [42,43]. The ruby distribution within the placers overlies three
separate distinctive granitoid intrusions emplaced within the underlying fold belt sequence and
age-dated by zircon SHRIMP U-Pb methods at 268, 273 and 277 Ma [44]. The granitoids include mafic
granodiorites formed by interactions of mantle-derived melts with crustal rocks [45]. Southwest-facing
faulted slivers of relict ophiolites to the northwest include tectonized harzbugites and intrusive
mafic rocks [46]. This diverse basement provides complex metamorphic, metasomatic and contact
metamorphic sources for potential ruby genesis. The Macquarie River ruby grades into pink sapphire
and its source region is poorly constrained, as stones were recovered as accessories in gold dredging
operations in the alluvial river bed. It accompanies diamonds and represents a distinctive highly
Mg-rich, high temperature genetic type [47]. The New England ruby is a rare accessory in gem field
workings within the dissected Maybole shield volcano sequences [48]. It has most unusual color zoning
from ruby cores into sapphire rims and consistently high Ga content and Ga/Mg ratio compared to
world-wide ruby. Rubies of diverse character other than those detailed in this study are found at
Yarrowitch and Tumbarumba, NSW and ENE of Melbourne and are described in references [4,9].

The rubies compared with and discussed here from the central-north New South Wales, Australian
region (Figure 5) are quite different in external features to the diverse Myanmar Mogok and Mong Hsu
materials and their contained inclusion suites (Figure 6a,b and Figure 7). The NSW suites lie within
a NE-SW rectangular zone ~220 km in length and up to 180 km in width. They show contrasting
composite mineral growth (Barrington Tops; Figure 8), high pressure mineral inclusions in pink to red
gradational sapphire-ruby suites (Macquarie River; Figure 9a,b, after [4]) and unusual ruby core to
multiple zoned sapphire outer zones (New England; Figure 10).
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Figure 5. East Australian basalt-derived alluvial gem corundum deposits, showing ruby and locating
Barrington Tops, Macquarie River (Wellington) and New England comparative sites. Map derived
from reference [9].
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(a) (b)

Figure 6. Photos showing mineralogical and textural characteristics of Mogok and Mong Hsu ruby
samples. (a) Thurein Taung ruby crystals embedded in 25 mm diameter mount. (b) Mong Hsu ruby
crystals embedded in 25 mm diameter mount. Yellow # nos. are analytical spots, listed in Tables A1
and A2.

. Titanite inclusion
Figure 7. Thurein Taung ruby crystal hosting composite titanite inclusion 0.025 mm in length. The small
circular structures represent ablation pits from initial analyses. Photo; Khin Zaw.
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Barrington
composite

Figure 8. Barrington Tops ruby-sapphirine-spinel composite grain used for thermometric study [42,43].
Sample size ~5 X 7 mm. Ruby main mass (purple red); sapphirine (dark green), center bottom
and center right; spinel (black), center left and outer fusion crust. Photographer G. Webb,
Australian Museum.

Figure 9. Photos of ruby features from Macquarie-Cudgegong River system alluvial deposits, NSW (a)
ruby fragment, a few mm across with pyrope garnet inclusion (center). (b) Facetted stones of ruby and
pink sapphire, up to 3 mm across [47]. Photographer G. Webb, Australian Museum.

Figure 10. Facetted ruby (2.31c) from New England basaltic gem field [48]. Australian Museum
Collection. Photo G. Webb, Australian Museum.
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2. Materials and Methods

2.1. Materials

Examples of Myanmar ruby samples analyzed for trace elements by LA-ICP-MS and an inclusion
used for U-Pb age-dating are shown in Figures 6 and 7. Examples of East Australian ruby samples
with previous analytical trace element data are shown in Figures 8-10.

The Australian rubies were previously analyzed from Barrington Tops and Macquarie River [9]
and New England [48], and results are used for comparative plots in variation diagrams in this study.

2.2. Analytical Methods

2.2.1. Analytical Methods, Trace Element and Isotopic Dating Analysis

The Myanmar ruby samples and mineral inclusions used for U-Pb age dating were analyzed for
trace elements contents by LA-ICP-MS techniques, supplemented by further EDS analysis (see below) at
the University of Tasmania. Previously determined trace elements in New South Wales, East Australian
ruby samples, were used for the comparisons had been analyzed by similar LA-ICP-MS methods
at University of Tasmania (Barrington Tops, Macquarie River) and GEMOC Key Centre facilities,
Macquarie University, Sydney (New England gem field). They are detailed in other publications [9,48].

2.2.2. Trace Elements Analysis

Most trace element analyses were performed at CODES, University of Tasmania, using an ASI
RESOLution S155 laser ablation system with Coherent Compex Pro 110 excimer laser operating at
193 nm wavelength and ~20 ns pulse width. The laser ablation system was coupled to an Agilent 7900
quadrupole inductively coupled plasma mass spectrometer (ICP-MS). Ablation was performed in pure
helium flowing at 0.35 L/min and immediately mixed with argon flowing at 1.05 L/min after ablation.
Depending on the session, the laser was pulsed at either 5 Hz or 10 Hz with either a 43 or a 51 um
spot size and a fluence of ~4 J-cm~2. Each analysis consisted of 30 s of background gas, followed
by 30 s of ablation time counting for 10 ms on each isotope. Primary calibration of trace elements
was done with the NIST612 reference glass using GeoReM preferred values. A secondary standard
correction was done using GSD-1g and BCR-2g reference glasses, again with GeoReM preferred values.
Data reduction was done in an in-house macro-based Excel workbook, with aluminum as the internal
standard element assuming stoichiometric proportions. Spot analyses were made at core and rim
positions on each of the analyzed grains.

Backscattered electron (BSE) imaging and energy dispersive X-ray spectrometry (EDS) major
elements analyses were performed at the Central Science Laboratory, University of Tasmania. This
used a Hitachi SU-70 field emission scanning electron microscope (SEM, Hitachi High Technologies,
Hitachinaka-shi, Japan) fitted with a Hitachi photo diode BSE detector and an Oxford AZtec XMax80
EDS system at an accelerating voltage of 15 kV and beam current of around 2 nA (Oxford Instruments
Nanoanalsis, High Wycombe, UK). Elements were calibrated on a range of natural and synthetic
mineral standard reference materials. Cobalt metal was used as beam measurement standard, i.e.,
to indirectly determine the relative change in beam current compared to the time of element calibration.
The sample was coated with around 20 nm of carbon prior to analysis using a Ladd 40000 carbon
evaporator (Ladd Research Industries, Williston, VT, USA).

2.2.3. U-Pb Isotopic Analysis

All U-Pb analyses were conducted on the same instrumentation described above, but with the
addition of Ny gas for higher sensitivity. Analyses were done with a 19 pm spot size at 5 Hz and
1.9 J em~2 laser fluence. Each analysis consisted of 30 s of background gas, followed by 30 s of ablation
time. Isotopes analyzed were S1p 49Ty, 56Fe, 89Y 917y 3Nb, 13914, 140Ce, 141Pr, 146N d, 147Sm, 151Ey,
157Gd, 163Dy, 165H0, 166EI‘, 169Tm, 172Yb, 175Lu, 178Hf, 181Ta, ZOZHg’ 204Pb, 206Pb, 207Pb, 208Pb, 232Th,
235U, and 28U counting for 5 ms on each isotope, except for Pb isotopes and 233U which had 25 and
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15 ms counting times respectively. Each of the three minerals targeted for U-Pb analyses had a mineral
specific primary standard for the U-Pb calibration: the 91500 zircon, for zircon analyses, Phalaborwa
baddeleyite for baddeleyite analyses and an in-house titanite standard (19686) for titanite analyses.
Calibration of the 207Pb/2%Pb ratio was done using the NIST610 reference glass measured at the
same conditions as the unknowns and using values from [49]. Calibration of select trace element data
measured along with Pb/U ratios was done using the NIST610 reference glass using GeoReM preferred
values and with Zr as the internal standard element for baddeleyite and zircon and Ti as the internal
standard element for titanite; all assuming stoichiometric proportions in each mineral respectively.
Data reduction for U-Pb and trace element concentrations is done in an in-house macro-based Excel
workbook with details about the methodology described in reference [50].

Accuracy of the U-Pb ages was checked using a variety of reference minerals of known (ID-TIMS) age
treated as unknowns. These include the Temora [51] and Plesovice [52] zircons, FC-1 baddeleyite [53],
and the FCT-3 [54] and 100606 [55] titanites. All of these secondary reference materials were accurate
within their uncertainties. Concordia plots and intercept ages are done using Isoplot 4 [56]. Where a
common Pb estimate is lacking, the Stacey and Kramer [57] model Pb at the age of the mineral was
used for the anchor on the Concordia intercept ages. Uncertainties are calculated using the method of
Horstwood et al. [58], where systematic uncertainties are added after the Concordia intercept ages are
calculated. Details of the geochronologic data are supplied in Supplementary Materials.

3. Results

3.1. Trace Element Variations

The main trace element values measured in Thurein Taung and Mong Hsu ruby samples are
given in Table 1. This breaks the data up into rim and core measurements of the analyzed crystals for
easier comparison, while individual results from each analytical spot are detailed in Tables A1 and A2.
Some rubies appeared to indicate noticeable Si and Ca values above the relatively high detection limits
for those elements, particularly in Thurein Taung ruby. Such levels that enter the corundum crystal
structure invoke potential presence of nano inclusions of silica [59] or even particulate calcsilicate
material [13]. Because of potential large variability in Si and Ca within corundum analyses, due to
LA-ICP-MS analytical interreference affects [60], these element values were not reported in Tables 1, Al
and A2. Other trace elements are mostly at detection level or negligible (1 or <1 ppm) in concentration.
A few Thurein Taung rubies contain 1-2 ppm B, while Mong Hsu rubies contain 1-3 ppm Cu and
1-9 ppm Zn.

Table 1. Trace element comparative ranges and averages (ppm), Myanmar ruby samples.

Sample Mg Ti v Cr Fe Ga

Thurein Taung

Rims, range 27-204 38-1241 110-401  432-4599 38-483 20-170
n =9, average 85 254 243 2468 143 79

Cores, range 35-189 53-283 102421 618-4406 24-461 20-152
n =9, average 78 139 225 2494 127 75

Mong Hsu 1

Rims, range 27-75 336-3201 73-628 429-3545 10-32 48-78
n=7,average 48 1410 391 2026 14 69

Cores, range 42-95 1168-2550  75-649 919-4625 <8-17 48-80
n =4, average 70 1815 324 3199 <9 66

Mong Hsu 2

Rims, range 20-147 42-1492  183-1012 959-16,388  11-51 68-105
n =14, average 68 778 342 5600 29 83

Cores, range 41-226 100-2633  228-658  1194-27,386 15-54 81-103
n =8, average 115 1210 417 7015 26 89

Data based on detailed analyses listed in Appendix A Tables A1l and A2. < = value bdl.
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The main chromophore Cr is distinctly higher in Mong Hsu set 2 rubies (max. ~2.7 wt %, av.
0.65 wt %), than in Mong Hsu set 1 (max. 0.45 wt %, av. 0.23 wt %) and Turein Taung (max. 0.46 wt %,
av. 0.25 wt %) rubies. One set 2 zoned crystal is significantly more enriched in Cr (max. 2.7 wt %, av.
1.9 wt %) than for 7 others in the set (max. 1 wt %, av. 0.44 wt %). The most variable chromophore is Ti,
which is lowest in Thurein Taung rubies (max. 1250 ppm, av. 265 ppm) compared with Mong Hsu set
1 (max. 3200 ppm, av. 1362 ppm) and Mong Hsu set 2 (max. 2633 ppm, av. 935 ppm) rubies.

In Turein Taung rubies, average rim ppm values in Cr are less than average core values (— values),
but are greater in Mg, Ti, V, Fe, Ga rim values (+ values). The rubies, however, are relatively
homogenous with rim to core zones showing limited ppm variations (Mg +7; Ti +115, V +18; Cr
—26; Fe +16; Ga +4). In contrast, wider average zonal spreads appear in ruby sets Mong Hsu 1
(Mg —22; Ti —405; V +67; Cr —1173; Fe + >9, Ga +3) and Mong Hsu 2 (Mg —47; Ti —432; V —75, Cr
—1415; Fe +3; Ga — 6).

Thurein Taung V values at 102-421 ppm lie well below more extreme V values at 900-5500 ppm
in nearby parts of the Mogok ruby field [11,13]. Thurein Taung Cr/V ratios, however, range up to 37
and suggest links with the Mogok V-rich ruby province. In comparison with Thurein Taung, the Mong
Hsu ruby sets include higher V values up to ~1012 ppm and range into even higher Cr/V ratios (Mong
Hsu 1, 1.2-37.1, av. 11.3; Mong Hsu 2, 4.0-59.5, av. 18.0).

3.2. U-Pb Ages

All zircon and titanite analyses were done in-situ, as small grains present as inclusions within
corundum megacryst hosts. Baddeleyite was analyzed as large euhedral megacrysts. All age results
and all secondary reference material analyses are presented in Supplementary Materials. Zircon and
ilmenite inclusions were targeted for U-Pb analysis in the Mong Hsu rubies. These inclusions were
generally >30 um in size and euhedral in shape. Ilmenite analyses contained modest U contents
(<70 ppm), however, they contained significant common Pb and so were useful as a common Pb
anchor point for the zircon analyses. The zircons have significantly high U, up to 3000 ppm, and
high U/Th ratios (up to 40). Analyses show significant variation in common Pb corrected age (207Pb
correction), often with variable Pb/U ages within single analyses. A Concordia intercept age of 23.9 Ma
(£ 1.0/1.03 Ma, including systematic uncertainties respectively), calculated on the four youngest
zircons formed a coherent population (MSWD 1.10, probability of fit 0.35) with ilmenite analyses
included for use as a common Pb anchor (Figure 11).

Zircon and titanite inclusions were also targeted for U-Pb analysis in the Thurein Taung ruby.
The zircons were generally <30 um in size, while the titanite was a single grain ~250 by ~150 um in size
and euhedral in shape. Multiple analyses were done on this single grain to constrain the age as no other
titanite grains were exposed at the surface. A Concordia intercept age of 32.34 Ma (£ 0.97/1.03 Ma)
was calculated on the 7 titanite analyses on this single grain with the age anchored on a 2”Pb /2%Pb
ratio of 0.837 (Figure 12). Three zircons included in the same ruby megacryst as the titanite give a
range of older ages from ~50 to ~100 Ma, despite being a few millimeters away from the titanite.

Two baddeleyite megacrysts from the Thurein Tuang, ~5 x 10 mm in size, were analyzed targeting
both rims and cores. A wide range of ages were measured in the two megacrysts from ~40 Ma to
~110 Ma. Eight of the analyses formed a coherent age population at 103.3 Ma (£ 2.2/2.45 Ma). There
was no obvious correlation with the measured age and location (core vs. rim) of the baddeleyite, with
some rims containing the ~103 Ma age population and some cores containing significantly younger
ages. Likewise, there is no correlation with the trace element chemistry of the baddeleyite and the
measured ages.
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Figure 11. Concordia diagram showing zircon plots (red spots) used to constrain a concordia age of
the four youngest zircons within the Mong Hsu host ruby. Age measurements on two baddeleyite
megacrysts from the site (grey spots) are shown, but relationships to Mong Hsu ruby are uncertain.
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Figure 12. Concordia diagram showing titanite plots (green spots) and error bars constraining the
intercept age of the titanite composite inclusion in Thurein Taung ruby. Comparative age plots are
shown for older zircon included ruby (grey) and baddeleyite megacrysts (black) from Thurein Taung.

Trace elements in the young 23-27 Ma zircon in Mong Hsu ruby were analyzed by LA-ICP-MS
during age-dating (Supplementary Materials). Three zircons showed consistent results, based on an
assumed Zr content of 493,000 ppm, with Hf 17,334-18,659, U 2012-3407, Th 155-241, U/Th 13.6-14.1,
Y 99-161 and very low LREE-MREE and enriched HREE. One zircon contains a Ti-rich inclusion,
probably rutile that skewed results, giving excessive Ti and reducing other values. The ilmenite used
as an anchor for common Pb ranged in Ti/Fe ratios between 0.47-3.73 and contained minor amounts

of P, Zr, Nb and LREE.
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3.3. Mineral Inclusion Analyses

Mineral phases distributed in the dated composite titanite inclusion and dated zircon xenocrysts
within host Thurein Taung ruby were targeted for EDS analysis using BSE images (Figures 13 and 14;
Table 2). The composite inclusion is an elongated subhedral, titanite crystal ~270 um long, intergrown
with two euhedral nepheline crystals, 30 and 65 um across, on its margins that constitute ~4% of the
inclusion. Mineral formulas given in Table 2 were based on O calculated by cation stoichiometry, with
titanite standardized on Si.

Detailed LA-ICP-MS trace elements including REE were acquired for the Thurein Taung composite
titanite and zircon inclusions (Supplementary Materials). Titanite analyses (n = 7), based on an
assumed Ti content of 181,607 ppm, contain accessory ppm of P (300-837), Fe (134-171), Y (555-583),
Zr (1100-1997), Nb (828-890), Ta (53-59), Th (651-733), U (248-3206), and have av. Th/U (2.6). Analyses
are moderately elevated in LREE-HREE (La-Lu 1726-1906). Zircon analyses, using assumed Zr of
493,000 ppm, are enriched in Hf (16,890-19,504), show minor elevations in Ti, (27-61), Fe (<14-165),
Y (57-66), Th (22-54), with av. Th/U (0.35). They are noticeably low in LREE-MREE but show mild
enrichment in HREE. Baddeleyite analyses, using assumed Zr of 740,000 ppm, are enriched in Hf
16890-1950), have elevated Ti (1537-2813), Nb (308-1147), Ta (262-525), minor P (117), Pb (19-118) and
negligible REE and Th.

Thurein Taung Ruby inclusion 1

Spectrum 4

100pm

Figure 13. BSE image of titanite-nepheline inclusion (light grey) in Thurein Taung ruby (dark grey
background). Darker euhedral indents in the inclusion (top and left) are nepheline. Circular pits mark
age-dating sites, while EDS spectrum sites (rectangular boxes) represent titanite analyses, listed in
Table 2).

163



Minerals 2019, 9, 28

Thurein Taung Ruby inclusion 2

- <o
SOpm

Thurein Taung Ruby inclusion 3

25um

Figure 14. Zircon crystals in Thurein Taung ruby (background), showing circular age-dating pits and
EDS spectrum sites (rectangular boxes) represented in analyses listed in Table 2.

Table 2. EDS element analyses (wt %), inclusion mineral phases, Thurein Taung ruby.

Titanite (Composite Inclusion) 1 Cay, g9 (Tiz 35, Alo.es)a.03 Sis (O19.72, Fo.55)20.27-

Element (o) 0 (0.4) Si (0.1) Al1(0.1) Ca (0.1) Ti (0.1) F(0.1)
Av.,n=3 41.7 14.2 2.3 20.3 20.3 1.3
Nepheline (composite inclusion) 2 (Nag g9, Ko. 07, Cag.08)0.91 (Si1.1 Alp)20 Os.
Element (o) 0(0.2) Si (0.1) A1(0.1) Ca(<0.1) Na (0.1) K(<0.1)
Av,n=3 45.3 20.9 179 2.2 11.2 1.8
Zircon 1 (xenocryst) 3 (Zr1,06, Hfo.01)1.07 Sio1.05 Oa-
Element (o) 0(0.2) Si (0.1) Al (0.0) Zr (0.3) Hf (0.2)
Av,n=1 324 149 bdl 48.8 1.2
Zircon 2 (xenocryst) 4 (Zl‘],()(), Hf(),()l)l,()l Si(),gg 04.
Element (6) O (0.1) Si (0.1) AL(0.0) Zr (0.3) Hf (0.2)
Av,n=1 314 14.9 bdl 48.1 1.2

1234 Calculated mineral formula of analyzed mineral. bdl below detection limit.
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4. Discussion

The gem mineralization associated with the Myanmar ruby deposits is inherited from the
stratigraphy and dynamic tectonic events that built the geological framework within the gem
tracts [59,61,62]. The initial discussion considers the age-dating results on inclusions within Myanmar
rubies from the two studied deposits and examines their relationships to previous dating in ruby
deposits in SE Asia. This is followed up by synthesizing the trace element results from the
Myanmar sites and Australian ruby suite data within a range of genetic classification diagrams.
With characterization, the suites will be examined for their geochemical traits that enable distinctions
between these suites. Finally, comparative elemental ‘fingerprinting’ is considered in a broader context
of geographic typing of rubies within a global perspective.

4.1. Mogok and Mong Hsu Ruby Ages

The U-Pb age of the Thurein Taung composite titanite inclusion at 32.4 4+ 1 Ma, matches the
age of small leucocratic granite bodies that intrude the area [25]. The near-euhedral crystal form
suggests a likely syngenetic origin and a host ruby age linked to alkaline melts and skarn formation
associated with that leucocratic granite event. The presence of subordinate nepheline in the titanite
composite, however, needs consideration in respect to a potential under-saturated alkaline source.
Nepheline-bearing rocks are known to intrude and be faulted against the local marbles in this
vicinity [25]. These urtite-ijolite members and syenite rocks, however, seem younger than the composite
inclusion age. This is based on a 25 Ma age for a foliated syenite and observations that the syenites
themselves are intruded by the urtites and by pegmatites associated with the Kabaing granite, dated at
16.8 £ 0.5 Ma [25,61]. This, in conjunction with a zircon U-Pb age of 16.1 Ma in a painite overgrowth on
ruby from Wetloo [25], suggests multiple periods of ruby growth may have taken place in the Mogok
skarn environment [63]. This aspect is further supported by Ar-Ar age dating of phlogopite mica in
syngenetic growth with ruby in the Mogok field at 17.1 + 0.2 Ma-18.7 + 0.2 Ma [33]. U-Pb dating of
zircon inclusions is rare in constraining Mogok ruby ages, but has been used on syngenetic zircon
to date quality Mogok sapphires [64]. Mogok sapphires have links with under-saturated alkaline
intrusions [25]. Age dates obtained so far for host sapphires [64] gave 26.7 + 4.2 and 27.5 & 2.80), close
to, but just outside error for the Thurein Taung composite inclusion age (this study).

Mong Hsu zoned ruby-sapphire crystals are found in host veins composed of calcite, a Mg-rich
chlorite group member, Cr-bearing muscovite and opaque oxides, which traverse recrystallized
dolomitic marble [37], or occur in disseminated grains in a dominant dolomite matrix with minor
calcite and intergranular phlogopite [65]. Solid inclusions within the rubies themselves identified by
laser Raman spectroscopy included Cr-bearing muscovite, paragonite-margarite solid solution, Mg-rich
chlorite, rutile, quartz, dolomite and diaspore [66]. In addition, the present study identified zircon
and ilmenite which enabled U-Pb age determination of the host ruby age. The Mong Hsu ruby age
formation, based on the young zircon inclusions, at 23.9 + 1.0 Ma is clearly younger than the Thurein
Taung titanite inclusion age by some 8-9 Ma. The later age for Mong Hsu ruby generation fits in with
a declining phase of regional metamorphism [36,61], within fluid-rich conditions which included H,O,
COy, F and other components [37]. An isochore estimation from fluid inclusion compositions within
the ruby gave a P-T range of 0.20-0.25 GPa and 500-550 °C for the fluid activity, which may represent
hydrothermal input from deeper magmatism [36]. This low P-T range for ruby growth was questioned
from zircon-in-rutile thermometry on an inclusion in a ruby. The estimated T between 615-690 °C
suggested upper amphibolite facies T in the 0.4-0.6 GPa range [66]. The present U-Pb zircon dating
now yields a firmer early Miocene 24 Ma age for this metamorphic/magmatic event.

4.2. Myanmar and East Australian Ruby Trace Element Comparisons

Mong Hsu ruby crystal growth and trace element analysis was used to establish a geochemical
identity [66]. The study recorded dark cores, which were elevated in Cr, V, Mg, Ta, W and Th
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values. This trend also was noted here, in a core significantly enriched (ppm) in Cr 10,036, Ti 1272,
V 909, and Mg 1272, although Ta, W and Th remained low. The earlier study suggested a distinctive
geochemical field for Mong Hsu ruby, compared with other ruby fields, when Cr/Ga was plotted
against Fe/(V + Ti). Strangely, however, the compared fields did not include Mogok ruby. To further
test the claim, ruby analyses from Mong Hsu, Thurein Taung, Mogok, from this study and data from
New England, East Australia [48] are compared with the proposed Mong Hsu field in Figure 15.
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Figure 15. Ruby plots of Mong Hsu (MH), Thurein Taung (TT), Myanmar, and New England, East
Australia (NE) are shown within oval enclosing field boundaries in a Cr/Ga vs. Fe/(V + Ti) diagram.
The plots are color- and locality- coded to indicate multi-zoned crystals (top right legend). The Mong
Hsu ruby field designated by Mittermayr et al. [66] is indicated by a dashed circle.

The Mong Hsu ruby plots (red zones) from the present study largely occupy the defined limits
for the proposed Mong Hsu field. The violet-blue zones, however, mostly lie outside the field with
lower Cr/Ga values, while pink variants show even lower Cr/Ga. Thurein Taung plots suggests some
separation between two subset components. The diagram shows good separation between Mong
Hsu and Thurein Taung ruby fields and extreme separation from the New England field. These trace
element ratios thus appear effective in establishing a Mong Hsu ruby identity.

Further relationships between Myanmar and East Australian ruby suites are explored based on
element oxide indices that classify corundum into genetic fields related to host rock type associations [3].
Comparative results are shown in Figures 16-18. In Mong Hsu rubies red zones mostly plot in the
ruby-in marble field, dark violet-blue zones mostly fall in the mafic-ultramafics field and pink to white
zones lie near the boundary region. These plots correspond to the R, V and I zones described by
Peretti et al. [37], considered to mark repeated influx of fluids rich in F. The F interaction decreased
the Ti chromophore activity through a complexing process and effectively raised Cr chromophore
ratios to color red zones. The new Mong Hsu plots support multiple interplay between separate
source components, involving marble host lithologies and invading fluids from deeper seated
magmatic/metamorphic sources to generate multiple color zoned corundum. The Thurein Taung
plots, in contrast, nearly all closely group in the ruby-in marble field, which suggests a simpler origin.
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Figure 16. Discrimination metal oxide plots, with petrological fields after [3], for Mong Hsu ruby
analyses. The plots are color-coded in relation to red, violet-blue-black and white zoning.
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Figure 17. Discrimination metal oxide plots, with petrological fields after [3], for Thurein Taung ruby

analyses. The plots are color-coded.

East Australian plots (Figure 18) present varied lithological affinities. Barrington Tops ruby has
metasomatic corundum affinities. Macquarie River ruby in contrast forms a tight linear array near the
base of the Ruby-in-mafic-ultramafics field, while the multiple color zone components of New England
ruby spread along the Metasomatic corundum field to slightly overlap the Ruby-in-mafic-ultramafics
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field. Myanmar ruby fields have strong connections with carbonate sources, unlike East Australian
ruby sources, although both groups include some mafic-ultramafic source inputs.

A trace element variation diagram, introduced as a tool to separate blue-colored sapphires of
metamorphic, transitional and magmatic origin, by Peucat et al. [67], plotted Fe (ppm) content against
Ga/Mg ratio. This tool received wider use being extended to sapphire of other colors and even ruby,
as it is normally a metamorphic/metasomatic corundum and seemed to conform to the classification
boundaries. [9,68,69]. Recent studies show that individual corundum crystals can show significant
ranges in their Ga/Mg ratio [70], and that rare rubies from Myanmar and East Australia show high
Ga/Mg ratios that lie in the magmatic field [13,48]. Furthermore, some sapphire/ruby suites with
low Ga/Mg, previously thought metamorphic can contain melt inclusions suggesting a magmatic
origin [71]. This makes the Ga/Mg ratios considered in isolation unreliable genetic indicators. Plots of
Fe (or Fe/Mg) against Ga/Mg, nevertheless, remain useful in aiding distinctions between fields from
different localities (Figure 19).
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Figure 18. Discrimination diagram of metal ox