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SUMMARY 

Elba gem tourmalines are renowned for the delicate pastel colors and the 

perfection of their crystal shapes in small size. Characteristic for these tourmalines 

is the presence of color anomalies that occur as dark-colored terminations, 

frequently at the analogous pole that typically are rich in Fe and/or Mn.  

The formation of such dark-colored overgrowths is related to sudden 

physicochemical changes in the crystallization environment during the latest-

stages of tourmaline crystal growth. However, the detailed events that led to the 

availability of Fe and/or Mn in the pocket environment, resulting in the growth of 

late-stage tourmalines, remained unclear.  

The goal of this Ph.D project is the definition of a genetic model for the dark-

colored overgrowths in pegmatitic gem tourmaline crystals. Since tourmaline is an 

excellent petrogenetic indicator, the origin and chemical composition of fluids 

involved in tourmaline crystallization, responsible for such color anomalies, have 

also been investigated. To achieve this goal, selected gem tourmaline crystals with 

dark overgrowths of different colors and textural features from several miarolitic 

Li-bearing aplite-pegmatite veins, located in the eastern border of Monte Capanne 

monzogranite pluton (Elba Island, Italy), were studied.  

Chemical and spectroscopic investigations were applied as experimental approach 

in order to describe the crystal-chemical characteristics of the zones characterized 

by such color anomalies. This information, along with microstructural and 

paragenetic observations of the cavities in which the studied tourmaline samples 

were collected, were used to determine and propose a general genetic model for 

the color anomalies observed at the termination of Elba gem tourmaline crystals. 

This study was further extended to tourmaline samples collected from the Alto 

Ligonha pegmatite district (Nampula Province, NE Mozambique). Gem-quality 

tourmalines from the Alto Ligonha pegmatite district are among the most 

renowned for the combination of color and rarity. These features make them 

unique from a gemological viewpoint and therefore with a high commercial value, 
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limiting the information regarding their crystal-chemical characteristics. To fill this 

gap, several tourmaline samples from the secondary deposit of Mavuco, in the 

eastern portion of the Alto Ligonha pegmatite district, were studied. These 

tourmaline samples were provided by ongoing mining projects, and were 

subjected to an in-depth analysis. Specifically, a detailed chemical characterization 

as well as a correlation study between compositional data and color displayed by 

the tourmaline crystals, were conducted. In addition, on selected samples with 

particular chromatic features, optical absorption spectroscopy analyses were 

performed. For all the tourmaline samples analyzed, the gemological variety, 

according to the color displayed, was identified and the relative color mechanisms 

were investigated. 

Tourmaline grains from the secondary deposit of Mavuco are also characterized 

by a dark-colored prismatic overgrowth. The genetic mechanisms responsible for 

these prismatic overgrowths have not been defined so far, as the pegmatitic source 

from which these tourmalines originated was still uncertain. This uncertainty was 

essentially due to the strong NYF (Niobium-Yttrium-Fluorine) geochemical 

affinity (Li- and B-poor composition) of the Alto Ligonha pegmatites located quite 

close the secondary deposit of Mavuco, as well as the rudimentary excavation 

techniques, which did not allow the exploration of new pegmatitic deposits in the 

Alto Ligonha district.  

To gain information about the processes that led to the formation of the prismatic 

dark-colored overgrowths, selected tourmaline crystals from a recently discovered 

pegmatitic field, the so-called “Marina” pegmatite (Mavuco area), were analyzed. 

The “Marina” pegmatite was hypothesized to be a source of the detrital 

tourmaline grains of the Mavuco area, given its proximity to the secondary 

deposit, and its LCT geochemical signature. Studies on tourmaline crystals from 

the “Marina” pegmatite were carried out to confirm the above hypothesis, through 

the comparison of the compositional data obtained from such tourmaline crystals 

with those obtained from the detrital tourmalines of the secondary deposit of 
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Mavuco. The same studies allowed obtain detailed information on the genesis of 

the dark-colored prismatic overgrowths, which also characterize some of the 

detrital tourmalines. 

During the chemical characterization activity, two new mineral species of the 

tourmaline supergroup were discovered. Both of them were approved by the 

IMA-CNMNC (International Mineralogical Association-Commission on New 

Minerals, Nomenclature and Classification) and named celleriite, ideally 

□(Mn2+
2Al)Al6(Si6O18)(BO3)3(OH)3(OH), and ferro-bosiite, ideally 

NaFe3+
3(Al4Fe2+

2)(Si6O18)(BO3)3(OH)3O.   

The results obtained in this PhD research improved the knowledge on the opening 

of geochemical systems in which tourmaline crystallized, and allowed the 

definition of a genetic model for the formation of the dark-colored overgrowths in 

tourmaline crystals. This model can be exported to explain late-stage color and 

composition anomalies of gem tourmaline crystals of many other gem-pegmatite 

deposits in the world. 
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1. INTRODUCTION  

 

1.1 Tourmaline constituents and species 

Tourmaline is the dominant host for boron (B) in most rocks of the Earth’s crust, 

occurring in granites and granite pegmatites but also in low-grade to ultrahigh-

pressure metamorphic rocks and as detrital grain in sandstones and 

conglomerates (e.g., van Hinsberg at al., 2011a,b; Dutrow and Henry, 2018; Henry 

and Dutrow, 2018).  

Tourmalines are a supergroup of chemically complex minerals with a significant 

compositional variability due to the occurrence of, at least, 27 relevant constituents 

different in charge and size, which accommodate into 7 crystallographic sites (X, 

Y, Z, T, B, O1, and O3). These constituents include both light and heavy elements, 

from H to Pb, some of them characterized by more than one oxidation state (e.g., 

Fe2+-Fe3+ and Mn2+-Mn3+) (Table 1.1).  

 

 
 

In accordance with Henry et al. (2011), the general formula of tourmaline may be 

written as XY3Z6T6O18(BO3)3V3W, where X = Na+, K+, Ca2+, Pb2+, □ (□ = vacancy); Y = 

Mg2+, Fe2+, Mn2+, Li+, Al3+, Fe3+, Cr3+, V3+, Ti4+; Z = Al3+, Fe3+, Cr3+, V3+, Mg2+, Fe2+, Ti4+; T 

= Si4+, Al3+, B3+; B = B3+; V = OH1–, O2– and W = OH1–, F1–, O2–. The non-italicized 

letters X, Y, Z, T and B represent groups of cations accommodated at the [9]X, [6]Y, 
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[6]Z, [4]T and [3]B crystallographic sites (italicized letters). The letters V and W 

represent groups of anions accommodated at the [3]O3 and [3]O1 crystallographic 

sites, respectively. The H atoms occupy the H3 and H1 sites, which are related to 

O3 and O1, respectively. 

Given the relatively large number of constituent-coordination environments ([3], 

[4], [6], and [9] coordination) compared to most other minerals, tourmaline 

violates the Pauling’s parsimony rule, which emphasizes that the number of 

topochemically different environments in a structure tends to be small 

(Hawthorne, 2006). In theory, this relatively large number of substantially 

different sites would decrease the stability, but tourmaline exists over 

environments that extend from the surface of the crust to the upper mantle (e.g., 

Marschall et al., 2009; Lussier et al., 2016) in the presence of H2O, B-, and F-bearing 

fluids.  

The dominance of specific ions at one or more sites of the structure gives rise to a 

range of distinct mineral species. At present, the tourmaline supergroup consists 

of 38 mineral species approved by the International Mineralogical Association’s 

Commission on New Minerals, Nomenclature and Classification (IMA-CNMNC) 

(Table 1.2). 

 

1.2 Tourmaline crystal structure 

The tourmaline structure is typically rhombohedral, space group R3m with Z = 3, 

although some studies report lower symmetry such as orthorhombic, monoclinic, 

or triclinic (e.g., Akizuki et al., 2001; Shtukenberg et al., 2007; Hughes et al., 2011).  

Tourmaline has an intermediate structural complexity of about 200 bits per unit 

cell (Krivovichev, 2013), which is larger than that of amphibole (about 150 bits per 

unit cell), but smaller than that of some other minerals such as analcime (usually 

much over 200 bits per unit cell).  

The structure of tourmaline belongs to the subclass of cyclosilicate as it consists of 

rings of six TO4 tetrahedra, lying in a plane parallel to (0001). Because all 

tetrahedra point in the same direction, tourmaline lacks center of symmetry, 
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giving the crystal a strongly polar character. Thus tourmaline is both pyroelectric 

and piezoelectric.  
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Each tetrahedron shares one edge with the trigonal antiprism XO9, which is 

located along the threefold axis passing through the center of each six-membered 

ring [T6O18]. The nine-coordinated X site is the largest site, thus able to 

accommodate large cations (commonly Na+ and Ca2+, with some minor K+ or 

remain vacant (Henry and Dutrow, 1996,2011; Henry et al., 2011). The occupant of 

the X site forms the basis for the initial discrimination between primary groups of 

tourmaline (X-site vacant, alkali and calcic), and thus the root name of the 

tourmaline species (Henry et al., 2011). The antiprism XO9 and the ring [T6O18] 

combine with two sets of three octahedra YO6: an [Y3O15] triplet of octahedra caps 

the XO9 polyhedron toward the +c axis and the other [Y3O13] caps the [T6O18] ring 

of tetrahedra toward the –c axis. The most extensive compositional variation 

occurs at the Y site, which is able to incorporate constituents of different sizes and 

charges (Mg2+, Fe2+, Mn2+, Li+, Al3+, Fe3+, Cr3+, V3+ and Ti4+ as well as other elements at 

trace amounts). The partitioning of the X and Y-site constituents between +c and -c 

poles was calibrated and is useful to reconstruct the chemical history of the fluids 

involved in tourmaline crystallization (van Hinsberg et al., 2011a,b; Dutrow and 

Henry, 2018; Bosi et al., 2022a; Altieri et al., 2022,b). The BO3 groups oriented sub-

parallel to (0001) lie between the tetrahedral rings and are fully occupied by B, 

which makes tourmaline one of the most important B-bearing minerals in the 

Earth (Grew et al., 2016). The structural arrangement of [T6O18], XO9, [Y6O18], and 

(BO3)3 form “islands” that are stacked in columns along the c axis. These islands 

are attached to one another along the a and b crystallographic axes by spiral 

chains of ZO6 octahedra (Fig. 1.1A), which also extend along to the c axis 

according to a 31 triad screw axis. The three-dimensional framework of the 

tourmaline structure is therefore given by the screw-like arrangement of ZO6 (Fig. 

1.1B).  

This framework is characterized by similar strong Z-O bonds (~0.5 valence units), 

which would explain some physical properties, such as hardness (~7–7½ Mohs), 

lack of cleavage, resistance to weathering in clastic sediments, and extensive 
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pressure-temperature stability up to about 7 GPa and 950 °C (van Hinsberg et al., 

2011b). Another important feature of the tourmaline structure is provided by the 

orientation of the hydrogen atoms, which are sub-parallel to the c axis: H1-

hydrogen point down –c toward the oxygen at O1, and H3-hydrogen points up +c 

toward the oxygen at O3. Thanks to this orientation of (OH) dipoles, the 

fundamental (OH)-stretching bands in infrared spectra of tourmalines display a 

very strong pleochroism, with ε >> ω (e.g., Skogby et al., 2012). 

 

Figure 1.1A. Polyhedral arrangements in the tourmaline crystal structure. Dark-gray 

polyhedra coordinate the Y, T, X, and B sites. Stripefilled octahedra coordinate the Z site. 

Dashed-line represents the unit cell (from Bosi 2018). 

 

 

 

 

Figure 1.1B. The crystal structure of a rhombohedral R3m tourmaline projected onto (001). 

Dark-gray polyhedra represent structural islands. Stripe-filled octahedra coordinate the Z 

site. Dashed-line represents the unit cell (from Bosi 2018). 
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1.3 Morphological crystallography and habits 

Tourmaline is typically euhedral and shows a variety of forms (Goldschmidt, 

1922). Crystals are predominantly prismatic, varying from tabular to elongated in 

the fastest growth direction (c-axis) (Fig. 1.2), but in some cases, they can show a 

fibrous/acicular texture at the crystal termination, which can be particularly 

spectacular when accompanied by a color change (Lussier et al., 2008) (Fig. 1.3). A 

characteristic feature for the tourmaline identification in hand specimen is the 

presence of striation parallel to [0001] along the prismatic faces (Hawthorne and 

Dirlam, 2011). 

 
Figure 1.2. Typical morphological forms of tourmaline (modified from Goldschmidt 

1922).  

 
Figure 1.3. Tourmaline crystal with a thick black overgrowth composed by an 

arrangements of needles. Crystal size 15 mm (from F. Pezzotta collection). 
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When doubly terminated, tourmaline crystals usually exhibit a hemimorphic 

character. This means that they show different pyramidal faces and forms at the 

opposite ends along the c-axis. These morphological differences are very useful in 

the identification of the +c and –c poles. The antilogous pole of the crystal (the end 

that occurs along the +c axis), exhibits steeper pyramidal faces and a lustrous 

pedion face (0001), whereas the analogous pole (the end that occurs along the -c 

axis), is characterized by less steep pyramidal faces and the pedion has a rather 

matt luster (Henry and Dutrow, 1996). The hemimorphic feature of the tourmaline 

crystal, is the result of its asymmetric nature, due to the fact that all apices of the 

TO4 tetrahedra point toward the analogous (-c-end) pole. A further consequence of 

its non-centrosimmetric nature is that tourmaline is strongly polar. Such 

asymmetric polar character results in pyroelectric and piezoelectric responses to 

changing in temperature and pressure. When heated, the antilogous (+c) pole of 

the crystal develops a negative charge and the analogous (-c) pole a positive one. 

Application of pressure to the crystal along the c-axis will cause the antilogous 

pole (+c) to develop a positive charge and the analogous (-c) pole to develop a 

negative charge (Barton, 1969; Dietrich, 1985).  

 

1.4 Tourmaline as a petrogenetic indicator  

The importance of tourmaline as an efficient geological tool for investigating P–T–

X conditions in all crustal settings within the Earth was recognized in the early- 

and mid-20th century. This is the consequence of new and improved 

instrumentation available for tourmaline investigation and the understanding on 

tourmaline’s nature and its utility as an excellent petrogenetic indicator (Henry 

and Dutrow, 1996; Dutrow and Henry, 2018). In fact, due to its complex crystal 

structure, which allows incorporate several major as well as trace elements (Bosi, 

2018), tourmaline is extremely able to register any chemical-physical variation of 

the crystallization environment during its growth. This is evidenced by the 

presence of typical color zoning along the crystal, which testifies a variation in the 



11 
   

chemical composition of fluids involved in tourmaline crystallization (Fig.  1.4).  

 

Figure 1.4. A) Tourmaline crystal with a bluish overgrowth at the analogous pole (Sapo 

Mine, Ferruginha, Conselheiro Pena, Doce valley, Minas Gerais, Brasile). Crystal size: 5 

cm x 1.5 cm x 1.4 cm. B) A complexly zoned slice of fluor-liddicoatite cut parallel to (001), 

from Anjanabonoina, Madagascar. This slice measures approximately 10 cm in its longest 

dimension, and displays a trigonal star pattern and “aggregate-type” zoning. The outer 

region consists of fine-scale color zoning roughly parallel to the prism faces (from Dirlam 

et al. 2002). 

 

This record can be preserved within the tourmaline crystal because of its extensive 

P−T stability range field, and the occurrence of an extensive short-range order, 

which may impose extremely slow diffusion rates of the chemical constituents in 

the structure (van Hinsberg et al., 2011a). As a result of the broad range in 

composition and the refractory behaviour, tourmaline is a very useful indicator of 

petrological and geochemical conditions in igneous, sedimentary, hydrothermal 

and metamorphosed systems, which can provide provide information about the 

formation and evolution of its complex crystals over time, acting like a “geologic 

DVD” (e.g., Dutrow and Henry, 2011, van Hinsberg et al., 2011a,b; Henry and 

Dutrow, 2012; Dutrow and Henry 2016). 

 

1.5 Tourmaline: a kaleidoscopic gemstone 

Owing to its compositional sensitivity to the environment in which it grows, 

tourmaline can display a wide range of appealing colors, from red-pink, through 

yellow, orange, green, blue, and violet, to brown and black, which in combination 

to durability and rarity, make it recognizable as one of the most important 
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gemstone on the market (e.g., Pezzotta and Laurs, 2011).  

Colors in tourmaline are essentially related to transitions elements (Ti, V, Cr, Fe, 

Mn and Cu), acting as color-causing agents through several mechanisms at 

structural levels, with the most common ones being crystal field transitions (CFT), 

intervalence charge transfer interactions (IVCT), and color centres (e.g., Fritsch 

and Rossman,1987; Pezzotta and Laurs, 2011; Rossman, 2014). Most transition 

elements occupy the Y and Z edge-sharing octahedral sites (Hawthorne and 

Dirlam, 2011), and they influence color and color intensity typically through both 

CFT and IVCT. In absence of compositional data, tourmalines are generally 

distinguished by the use of a series of color-based trade names that are common in 

the marketplace (Table 1.3). The varietal names are rubellite (rose, dark pink, to 

red), indicolite (blue-green to blue), canary tourmaline (yellow, orange, to brown), 

verdelite (yellow-green to green), chrome tourmaline (vivid green), and achroite 

(colorless) (Zang and da Fonseca-Zang 2002). However, these trade names do not 

correlate to a specific tourmaline species. In fact, tourmaline crystals with a given 

color can develop in several species, and some individual species can develop 

many colors. For example, elbaite and fluor-elbaite, which represent most of the 

tourmaline gemstones, can display a nearly complete color spectrum (Table 1.3). 

Among the tourmaline varieties, the most desirable and precious colored 

gemstones in the market are those with bright blue to-green to-purplish hues, 

termed “Paraiba-type” (Fig. 1.5).  

 

Figure 1.5. Cu-bearing gem tourmalines from Mozambique (1.28-3.03 ct) (from Laurs et al. 

2008). 
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The name ‘Paraíba’ derived from the Brazilian locality where this gemstone was 

first mined in the late 1980s (Koivula and Kammerling, 1989), becoming notorious 

for its highly saturated “neon” colors. Additional deposits to the Paraiba State 

were found in the neighbouring Rio Grande do Norte State during the 1990s 

(Shigley et al., 2001), and more were discovered in Nigeria from 2001 (Smith et al., 

2001; Furuya and Furuya, 2007; Breeding et al., 2007). At present, the newest 

source of Paraiba-type tourmalines is the Mavuco area in the Alto Ligonha 

pegmatite district of Mozambique, which was first described in 2004 (e.g., 

Wentzell, 2004; Laurs et al., 2008). Although the blue to-green to-purplish colors of 

the Mozambique material are typically less saturated than those of its Brazilian 

counterpart, the lower price and greater availability have further enhanced this 

tourmaline’s popularity. 

The coloration of “Paraíba-type” tourmaline is mainly controlled by a combination 

of cationic concentrations and oxidation states of Cu and Mn (Fritsch et al., 1990; 

Rossman et al., 1991; Laurs et al. 2008). In particular, its blue (electric blue, neon 

blue, violet blue), bluish green to greenish blue color is mainly caused by the 

influence of Cu2+ in the crystal structure. 

In general, gem tourmalines are found in a number of geologic settings, and their 

origin is mostly related to miarolitic cavities occurring in moderately to highly 

differentiated granitic pegmatites (e.g., Pezzotta, 2000,2021; Pezzotta and Laurs, 

2011). Such miarolitic pegmatites are typically emplaced in the continental crust at 

moderate to shallow depth in a pressure range of 0.1–0.3 MPa. The ages of these 

gem tourmaline–bearing pegmatites are variable. Many of the largest and 

important commercial pegmatitic fields, including those in Brazil, Namibia, 

Afghanistan, Mozambique and Madagascar, are about 500–550 Ma and were 

formed during the latest stages of the tectonometamorphic Pan-African event 

involving the Gondwana supercontinent (e.g., Fritsch et al., 1990; De Vito et al., 

2002; Laurs et al., 2008). However, some gem tourmaline–bearing pegmatites were 

formed more recently. For example, the tourmaline-bearing pegmatites of Elba 
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Island, Italy, were formed about 6.2 Ma ago (Dini et al. 2002).  

Because of their high resistance to mechanical and chemical weathering, gem 

tourmaline can also accumulate in eluvial and alluvial deposits, such as those 

formed in Madagascar and Mozambique (Dirlam, et al., 2002; Laurs et al., 2008). 
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2. AIM OF THE PROJECT 

The goal of this Ph.D project is the definition of a model aimed at reconstructs the 

genesis of gem-quality tourmalines characterized by dark-colored overgrowths, 

which occur as color anomalies at the termination of the crystals and/or along the 

prism faces. Since tourmaline is an excellent petrogenetic indicator, the origin and 

chemical composition of fluids involved in tourmaline crystallization, responsible 

for the color anomalies, have also been investigated. To achieve this goal, selected 

gem tourmaline crystals with dark overgrowths of different colors and textural 

features from miarolitic cavities occurring in Elba Island pegmatitic veins (San 

Piero and Sant’Ilario in Campo locality, eastern border of Monte Capanne pluton, 

Italy) were used as a case study. Microchemical, structural and spectroscopic 

investigations were applied as experimental approach. This study was further 

extended to tourmaline samples collected from the Alto Ligonha pegmatite district 

(Nampula Province, NE Mozambique). 

Among the most renowned gem-quality tourmalines for the combination of color 

and rarity, are those from the secondary deposit of Mavuco in the Alto Ligonha 

pegmatite district. These features make them unique from a gemological 

viewpoint and therefore with a high commercial value, limiting the information 

regarding their crystal-chemical characteristics. Moreover, although such 

tourmalines contain Cu, the source of these minerals is not yet attributable to 

known pegmatites nearby the Mavuco alluvial deposit as they resulted Cu-free, 

also with a Li- and B-poor composition. To solve the issue about their potential 

origin, in this research project a comparison study between data obtained from 

selected tourmaline crystals from a recently discovered primary deposit, the so-

called “Marina” pegmatite, and those from Cu-bearing tourmalines occurring in 

the secondary deposit of Mavuco, was conducted. This will allow establishing 

whether the exploitation of this new mining field might be economically 

advantageous. 
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3. ELBA ISLAND – Crystal-chemical study of pegmatitic gem 

tourmaline crystals from Elba Island (Tyrrhenian Sea, Italy) 

characterized by dark-colored overgrowths at the termination  

 

3.1 Introduction 

Elba gem tourmalines are renowned by mineral connoisseurs from all world 

localities for the delicate pastel colors and the perfection of their crystal shapes in 

small size. Characteristic for these tourmalines is their dark-colored termination 

frequently occurring at the analogous pole that is typically rich in Fe and/or Mn. 

Such unusual termination, which is made up by multiple thin growth sectors of 

blackish, brownish, purplish-to-reddish, or even bluish colors, can be defined 

color anomaly as it occurs darker on pale crystals.  

Tourmaline crystals are excellent petrogenetic indicators due to the ability to 

register chemical-physical variations of the crystallization environment during 

their growth. Consequently, dark-colored terminations likely reflect processes that 

occurred in tourmaline-rich pegmatites during the latest stages of crystallization. 

However, the detailed events that led to the availability of Fe and/or Mn in the 

pocket environment resulting in the growth of late-stage tourmalines remained 

unclear. For this purpose, selected gem tourmaline crystals from different 

miarolitic Li-bearing aplite-pegmatite veins located in the eastern border of Monte 

Capanne monzogranite pluton were studied. All the selected tourmalines are 

characterized by a dark-colored overgrowth at the termination with different 

colorations and textures. Chemical and spectroscopic investigations were applied 

as experimental approach in order to describe the crystal-chemical characteristics 

of the zones characterized by such color anomalies. This information, along with 

microstructural and paragenetic observations of the cavities in which the studied 

tourmaline samples were collected, were used to propose a general genetic model 

for the color anomalies observed at the termination of Elba gem tourmaline 

crystals. 
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3.2 Geological setting  

3.2.1 Stratigraphical and structural frame of Elba Island  

Elba Island is located in the Northern Tyrrhenian Sea at midway between Tuscany 

(Northern Apennines Chain) and Corsica (Alpine Corsica structural pile). Due to 

its structural complexity, Elba Island was studied by many researchers who have 

provided different interpretations of its geology (Bortolotti et al., 2001). The 

starting point for all the geological studies on the central and eastern part of Elba 

Island is represented by the subdivision into five tectono-stratigraphic units, 

named “Complexes”, proposed by Trevisan (1950) (Fig. 3.1).  

 

Figure 3.1. Geological sketch of Elba Island with the distribution of the five complexes. I. 

Calamita gneiss; II. Schists; III. La Spezia Nappe; IV. Radiolarites and ophiolite Nappe; V. 

Marls and porphyritic tertiary granites (from Trevisan 1950). 

  

During the last twenty years, the tectono-stratigraphic frame of Elba Island was 

significantly improved. Bortolotti et al. (2001) elaborated a more complex tectono-

stratigraphical model in which the five Complexes of Trevisan (1950) were re-

interpreted and re-named. Specifically, Bortolotti et al. (2001) recognized nine 

tectonic units from the base upward: 1- Porto Azzurro Unit (PU); 2- Ortano Unit 

(UO); 3- Acquadolce Unit (AU); 4- Monticiano-Roccastrada Unit (MU); 5- Tuscan 

Nappe Unit (TN); 6- Gràssera Unit (GU); 7- Ophiolitic Unit (OU); 8- Paleogene 

Flysch Unit (EU); 9- Cretaceous Flysch Unit (CU) (Fig. 3.2 A,B).  
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A  

B  

 

Figure 3.2. A) Schematic structural and magmatic map of the Elba Island with the 

Trevisan's Complexes and the corresponding Units of Bortolotti et al., 2001 (Dini 

et al., 2002); EBF, Eastern Border fault; CEF, Central Elba fault; ZF, Zuccale fault; 

CRF, Colle Reciso fault. B) The central and eastern Elba tectonic pile. PU- Porto Azzurro 

Unit; UO- Ortano Unit; AU- Acquadolce Unit (a. Porticciolo Subunit, b- Santa Filomena 

S.); MU- Monticiano-Roccastrada Unit; TN- Tuscan Nappe; GU- Gràssera Unit; OU- 

Ophiolitic Unit (a- Acquaviva Subunit; b- Mt. Serra S.; b1- Capo Vita S.; c- Sassi Turchini 

S.; d- Volterraio S.; e- Magazzini S.; f- Bagnaia S.); EU- Paleogene Flysch Unit; CU- 

Cretaceous Flysch Unit (from Bortolotti et al. 2001). 
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The units 1, 2, 4 and 5 belong to the Tuscan Domain, the others belong to the 

Ligurian Domain (3 and 6 are Ligurian-Piedmontese units). Before their final 

emplacement in the tectonic pile of Elba during the 8.5 to 5.4 Ma time interval, 

some of these units were intruded by two acidic plutons (Monte Capanne and La 

Serra-Porto Azzurro monzogranites), and by dikes of variable composition. 

A brief description of the nine tectonic units, from bottom upward, which 

characterize the structural setting of central and eastern Elba Island, is reported 

below: 

1- Porto Azzurro Unit (PU) – Complex I. It is made up of phyllites, quartzites and 

micaschists of the Monte Calamita Fm., likely of Paleozoic age. This unit 

represents the Tuscan basement, and probably includes Cambro-Ordovician and 

Carboniferous-Permian formations (Puxeddu et al., 1984; Garfagnoli et al., 2005). It 

shows a strong static recrystallization due to the La Serra-Porto Azzurro intrusion 

and the related aplitic dike network (6.0-5.4 Ma). On top of the Monte Calamita 

Fm., crystalline dolostones and dolomitic marbles were recognized and were 

attributed to its Mesozoic cover. A low-angle fault associated with 10 m thick 

cataclastic horizon (Zuccale Detachment Fault) constitutes the contact with all the 

overlying tectonic units described below (e.g. Bortolotti et al., 2001). 

2- Ortano Unit (UO) – Complex II pro parte. It is composed of thermally 

metamorphosed rocks, such as metavolcanites and quartzitic-phyllites 

metasediments (Capo d’Arco schists), which can be correlated to the Early 

Paleozoic basement of the Apuan Alps and Central Sardinia (Pandeli and 

Puxeddu, 1990). In details, the top of the Unit consists of porphyroids and 

porphyritic schists, which grade upward to phyllites and quartzitic 

metasandstones and metaconglomerates. A few and thin aplitic dykes were 

recognized in this Unit, and most of them occur along the coast between Capo 

d’Arco and Ortano Valley. 

3- Acquadolce Unit (AU) – Complex II pro parte. It includes massive marbles 

(partly dolomitic), grading upwards into calcschists and, finally, into phyllites, 
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metasiltstones and metasandstones with intercalations of calcschists which contain 

fossils of Early Cretaceous age. At its top, a serpentinite sheet crops. Locally, the 

carbonate lithotypes are transformed into Fe-skarn bodies (e.g. Torre di Rio skarn). 

The Unit was attributed to the Ligurian Domain (Ligurian-Piedmontese Units). 

4- Monticiano-Roccastrada Unit (MU) – Complex III pro parte. This Tuscan Unit 

largely consists of Upper Carboniferous-Triassic metasiliciclastic rocks (the 

Permian-Carboniferous Rio Marina Fm. and the Triassic “Verrucano” Group). It 

also includes a Jurassic to Oligocene epimetamorphic succession (from the Capo 

Castello Calcschists to the Pseudomacigno), which crops out along the coast 

between Capo Pero and Capo Castello, and in the Valle Giove mining area (e.g. 

Bortolotti et al., 2001). 

5- Tuscan Nappe Unit (TN) – Complex III pro parte. This Unit outocrops in the 

Porto Azzurro-Rio Marina, and Norsi-La Valdana areas. It is composed only of 

calcareous-dolomitic, at times vacuolar, breccias (the so-called “Calcare 

Cavernoso”), while northwards these rocks are overlain by Upper Triassic to 

Hettangian shallow marine carbonates (Rhaetavicula Limestone and Calcare 

Massiccio Fm), and Middle-Late Lias to Dogger carbonatic-cherty (Limano and 

“Rosso Ammonitico” Fm) and Posidonia pelagic sediments. 

6- Gràssera Unit (GU) – Complex III pro parte. It mostly consists of varicolored 

slates and siltstones with rare manganiferous, recrystallized siliceous and 

calcareous beds (e.g. Bortolotti et al., 2001). Its lithofacies are different from those 

of all the formations of both Tuscan and Ligurian Domains. Moreover, they show 

a slight metamorphism, completely lacking in the Tuscan Nappe and in Ligurian 

formations at its base and the top, respectively. This Unit lies in tectonic 

unconformity on different terrains of the Tuscan Nappe. Because of its peculiar 

lithologic association and metamorphic overprint, it is considered a Ligurian-

Piedmontese Unit (Bortolotti et al. 2001) as the “AU”. 

7- Ophiolitic Unit (OU) – Complex IV. This Ligurian Unit is composed of seven 

tectonic subunits (Acquaviva “ASU”, Monte Serra “SSU”, Capo Vita “CSU”, Sassi 
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Turchini “TSU”, Volterraio “VSU”, Magazzini “MSU” and Bagnaia “BSU”), 

which are characterized by ophiolites of the oceanic basement of the Western 

Tethys (serpentinites and Mg-gabbros) on which a Jurassic to Lower Cretaceous 

volcanic (basalts) and sedimentary (Monte Alpe cherts, Nisportino Fm., 

Calpionella limestones and Palombini shales) cover is generally present. In details, 

the “ASU” is mainly composed of serpentinites (or ophicalcites) with rare, thin, 

cherty levels at their base; the “SSU” is made up of an ophicalcitised serpentinite 

level, whose contact with the volcanic cover is almost tectonised; the “TSU”, 

“VSU”, “MSU” and “BSU” are exclusively composed by serpentinised lherzolites 

and harzburgites (Bortolotti et al., 2001). 

A shoshonitic dike (Monte Castello Dike: 5.8 Ma) fills two ENE-WSW-trending 

normal faults cutting VSU in the Porto Azzurro area. Some calc-alkaline dikes 

(Monte Capo Stella Dikes) were also identified in the Ligurian basalts along the 

western coast of Golfo Stella. 

This Unit can be interpreted as a relic of a trapped oceanic crust originally near the 

Corsica European margin (Bortolotti et al., 2001). 

8- Paleogene Flysch Unit (EU) – Complex V pro parte. it is represented by a shale 

to calcareous-marly succession wuth turbiditic calcilutites, sandstones and 

ophiolitic breccias of Eocenic age. 

9- Cretaceous Flysch Unit (CU) – Complex V pro parte. It is a Ligurian oceanic 

succession. This second turbiditic Unit consists of a basal tectonised complex 

similar to “OU” (ophiolites, basalts and Jurassic-Cretaceous sedimentary cover 

sheets), and a sedimentary succession formed by Cretaceous Palombini shales and 

varicolored shales, which grade upwards into an arenaceous-conglomeratic 

(Ghiaieto Sandstones) and then to a calcareous-marly-arenaceous (Marina di 

Campo Fm.) flysch of Late Cretaceous Age (probably Campanian-Maastrictian). 

Similar to the “EU”, this unit is frequently intruded by locally thick Tortonian to 

Messinian aplitic and porphyritic dikes, sills and laccoliths, such as the 8.4 Ma 

Capo Bianco aplite, the 8 Ma Portoferraio porphyry, the 7.4 Ma San Martino 
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porphyry (e.g. Dini et al., 2002) that pre- date the ⁓ 6.9 Ma Monte Capanne 

monzogranite intrusion (e.g. Ferrara and Tonarini 1993; Dini et al. 2002). All the 

pre- Monte Capanne magmatic bodies are cut along the tectonic contact with the 

underlying “OU”. 

The structural setting of Elba is characterized, especially in the central and eastern 

part of the Island, by the presence of several low-angle tectonic surfaces (thrusts 

and detachments), which put in contact the different Units each other (Fig. 3.2 A). 

Most of them are low-angle normal faults linked to extensional tectonics (e.g. the 

Zuccale fault and the related cataclastite put in contact the Units 2-9 with the Porto 

Azzurro Unit “PU”; other minor low-angle detachments are represented by  

“TN”/”MU”: Tuscan Nappe Unit on Monticiano-Roccastrada Unit; “CU”/”OU”: 

Cretaceous Flysch Unit on Ophiolitic Unit; “UO”/”PU”: Ortano Unit on Porto 

Azzurro Unit). The extensional tectonics probably began during Burdigalian-

Langhian, and continued during Messinian-Pliocene times, accompanied by 

magmatic intrusions. 

Other tectonic surfaces are thrusts (“GU”/”TN”: Gràssera Unit on Tuscan Nappe 

Unit; “CU”/”EU”: Cretaceous Flysch Unit on Paleogene Flysch Unit) of Late 

Eocene-Early Miocene age. Low angle tectonic surfaces are of complex 

interpretation because they derived from the superposition of tectonic events 

which occurred in different times and/or in different tectonic regimes. 

The western part of Elba Island is dominated by the Monte Capanne 

monzogranite pluton and its thermometamorphic aureole (Fig. 3.2 A). The 

thermometamoprhic aureole of Monte Capanne, which is tectonically separated 

from the flysh units (Complex V) of central Elba by the Eastern Border fault, is 

made up by a recrystallized ophiolitic sequences (ophiolites and volcano-

sedimentary cover) intruded by the pre- Monte Capanne dykes and laccoliths (e.g. 

Capo Bianco aplite and Portoferraio porphyry). This meta-ophiolitic succession 

was related to the Ophiolitic Unit (Complex IV). 
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3.2.2 Tectonic evolution of Elba Island 

The complex tectonic frame of Elba Island is the result of three main Alpine stages 

related to the collision of the Adria margin (Tosco-Umbria Domain) with Europe 

(Corsica). The study of the tectonic relationship between the nine tectonic units 

and between such tectonic units and the Messinian-Pliocene magmatic events, 

suggests the following geological scenario for the evolution of Elba Island (e.g. 

Bortolotti et al. 2001): 

1) Pre-intrusion extensional stages (> 8.5 Ma)  

The five tectono-metamorphic complexes of Elba Island suffered deformations as a 

result of the westward subduction of the Adria plate underneath the Corsica-

Sardinia block of the Europe plate, leading to the formation of an accrectionary 

wedge where the deformation events piled up the Ligurian and Ligurian-

Piedmont units on the Tuscan units. Such event of deformation and horizontal 

displacements began in the Late Cretaceous-Eocene (Fig. 3.3 A,B) and went on 

during the Late Eocene, Oligocene and Early-Middle Miocene (Fig. 3.3 C) (e.g., 

Carmignani and Kligfield, 1990). The beginning of the extensional phenomena in 

the Tyrrhenian area corresponds to the opening of the Corsica Basin during the 

Late Burdigalian-Langhian (e.g. Bartole, 1995). This led to the exhumation of Elba 

tectonic building through low angle normal faults, which dismembered and 

juxtaposed the central and Eastern units of different structural levels, with the 

consequent collapse of the accretionary wedge in the Early Messinian (Fig. 3.3 D). 

Such stages are recorded by: a) relics of the pre-Alpine schistosity within “PU” 

and “UO” , which can be attributed to the Sudetic phase of the Variscan orogeny; 

b) folding and thrusting of “OU”, “EU” and “CU”, with production of ophiolitic-

carbonate breccias within “PU”, and the tectono-metamorphic folding in “AU”, 

related to Eocene intra-oceanic deformation events; c) main deformation and 

metamorphic events of Tuscan (“PU”, “UO”, “MU”) and Ligurian-Piedmontese 

Units, overthrusting of the oceanic units (“AU”, “OU”, “GU”, “EU”+”CU”) onto 

the Tuscan ones, and a later refolding of the tectonic units, probably related to the 
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Oligocene-Early Miocene collisional events; d) emplacement of “AU” between 

“OU” and “MU”, and of “TN” onto “MU”. The superposition of “TN” onto 

“MU” can be considered the older extensional event by low-angle detachments 

(Middle Miocene). 

 

 

A

 
 

 

B 
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C 

 
 

D 
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Figure 3.3 A) Schematic cross-section of theorogenic system Corsica-Northern Apennines 

during Late Cretaceous-Early Paleocene times. T- Tenda Massif; a- Upper portion of the 

accretionary wedge (AW) formed by trapper crust material; b- Lower portion of AW 

formed by ocean crust; c- Upwards flow of the deepest portions of AW. For explanation, 

see text. Italic types are used for the formations during their deposition, normal types for 

the accreted units; the thickness of sediments and tectonic units is exaggerated. 

B) Schematic cross-section of the orogenic system Corsica-Northern Apennines during 

Late Paleocene-Early Eocene times. T- Tenda Massif; S- Serra di Pigno slice; zigzag 

arrows- Path of the hydrating fluids rising from the subducting slab.  

C) Schematic section of the orogenic system Corsica-Northern Apennines during 

Oligocene-Early Miocene times. a- “Schistes Lustrés” and calcschists with ophiolites 

(ductile metamorphic rocks of the deep portion of AW: AU and GU in Central and 

Eastern Elba) and their exhumation (upwards and eastwards) trajectories; b- Corsica 

Ligurides and Internal Ligurides; c- External Ligurides and epi-Ligurides; d- 

metamorphic Tuscan unit. Vertical arrows- feeders of the calc-alkaline offshore 

magmatism of Sardinia and Western Corsica. Vertical hatched arrows-feeders of the 

tholeiitic magmatism linked to the opening of the Ligurian-Balearic basin. Probable out-

of-sequence thrusts: a- Cretaceous Elba flysch onto Paleogene Elba flysch; b- Monteverdi 

Marittimo unit (internal portion) onto the Lanciaia fm. The area outlined is shown in D. 

D) Schematic section of the orogenic system Corsica-Elba-Northern Apennines during 

Langhian-earliest Messinian times. a- Tuscan metamorphic units; b- Corsica Middle 

Eocene neoautochthon; c- Corte slices; d- Tuscan Nappe; e- “Schistes Lustrés” and 

calcschists with ophiolites; f- Ligurids; g- Elba Paleogene flysch unit; h- Elba Cretaceous 

flysch unit; i- non metamorphic Cervarola and Umbria units; j- Adriatic metamorphic 

basement s.l.; k- internal Tuscan metamorphic basement (Ortano unit –UO- in the Elba 

Island); l- external Tuscan metamorphic basement (Porto Azzurro unit –PU- in the Elba 

Island); m- Neogene lacustrine deposits; nunderplating magmatic bodies; o- anatectic 

zone beneath Elba Island. 1 and 2a- progressive west-vergent master detachment faults; 

2b- east-vergent master detachment fault. A, B, C- successive boundaries between the 

subducting slab and the lithospheric and asthenospheric mantle, due to the eastwards 

shifting of the subduction zone. Hatched linesfeeders of the supra-subduction magmatism 

(a- of the Monte Capanne and b- of the La Serra-Porto Azzurro plutons). T- Tenda Massif. 

S- Serra di Pigno slice. (from Pandeli et al. 2013). 

 

 

2) Syn- intrusion stages 

This stage begins with the genesis and rise of anatectic melts due to the uplift of 

the asthenospheric mantle, within the stretched inner part of the Apenninic 

orogenic belt. The normal faulting allowed the emplacement and uplift of the 

Messinian main intrusive bodies, such as the Monte Capanne and La Serra-Porto 

Azzurro monzogranites. 

 During the uprise of the Monte Capanne granitoid (6.8 Ma), most of its cover that 

was constituted by “EU” and “CU” (already injected by acidic dikes), was 
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thermometamorposed, and then detached and shifted eastwards along a low-

angle fault, the Central Elba Fault “CEF”, which was formed almost 

simultaneously the uplift of the Monte Capanne pluton (e.g., Westerman et al., 

2004). During this event, the acidic dikes of the basal part of the flysch were 

sericitised (6.7 Ma). Farther east, a shoshonitic dike intruded “OU” at 5.8 Ma and, 

possibly, lamprophyric dikes were emplaced within “AU”.  

A new uplift of the Monte Capanne caused a further glide eastwards of 

“EU”+”CU” onto “OU” in the central Elba, and the development of transfer faults 

(as lateral ramps of detachments) within the Ligurian Units and, probably, the 

onset of the Zuccale Fault.  

At 6.0-5.4 Ma the emplacement of the La Serra-Porto Azzurro granitoid produced 

a wide thermometamorphic aureola and local skarn bodies within the host “PU”, 

“UO”, “AU” and “MU”. The uplift of this granitoid caused, or completed, the 

separation of the eastern and central Elba tectonic pile through the Zuccale 

detachment Fault. During this stage, the back-gliding of “OU” onto “EU”+”CU” in 

the Colle Reciso area, and the north- or north-eastwards gliding of “CSU”, 

completed the present tectonic pile of central and eastern Elba. 

3) Post-intrusion stages (< 5.4 Ma) 

High-angle, N-S trending normal faults dismembered the orogenic pile and 

allowed the final circulation of idrothermal-mineralising fluids, with the formation 

of the hematite-rich ores of eastern Elba (~5.3 Ma) (Bortolotti et al. 2001) (Fig. 3.4). 

The reconstruction of the tectonic evolution of Elba Island fits in the geodynamic 

context of the orogenic system Corsica-Northern Apennines, as shown by a series 

of tectonic sketches starting from the Late Cretaceous. 
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Figure 3.4 Schematic sections of the Elba Island from 6.7 to 0 Ma (uppermost Messinian to 

Present). A- Early Messinian (6.7-6.2 Ma). Early Messinian final uplift of the Monte 

Capanne pluton and the quasi-contemporaneous development of detachment faults (a-

CEF 1 and b-CEF 2), producing westwards and eastwards delamination of the tectonic 

pile; B- Messinian (6-5.5 Ma). Final uplift of the La Serra - Porto Azzurro pluton and 

development of ZDFZuccale (2) and RDF- Colle Reciso (1) divergent delaminations; C- 

Late Messinian high angle normal faulting and the contemporaneous formation of the ore 

mineralisations. The sketched line represents the present W-E Monte Capanne-Monte 

Arco topographic section. a- Paleozoic successions of the Porto Azzurro unit; b- Mesozoic 

cover of the Porto Azzurro unit; c- Ortano unit; d- Acquadolce unit; e- Monticiano 

Roccastrada unit; f- Tuscan Nappe; g- Grassera unit; h- Ophiolitic unit; i- Paleogene flysch 

unit; j- Cretaceous flysch unit; k- “Schistes Lustrés” and calcschists with ophiolites; l- 

Monte Capanne pluton; m- La Serra-Porto Azzurro pluton; n- aplitic and porphyritic 

dykes within the Ligurids; o- acidic and basic dykes and enclaves in the plutonic bodies; 

p- shoshonitic dykes; q-aplitic and microgranitic dykes in the Porto Azzurro unit (from 

Pandeli et al. 2013). 
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3.2.3 The Mio-Pliocene magmatism in Elba Island 

Elba Island is characterized by two monzogranitic plutons, along with their 

microgranites, aplite and pegmatite dyke swarms. Such intrusive bodies are the 

Monte Capanne (6.9 Ma) and La Serra- Porto Azzurro plutons (5.9 Ma), cropping 

out respectively in the western and eastern part of Elba (Fig. 3.2 A). Between the 

two, the Monte Capanne intrusion represents the main plutonic mass of Elba and 

post-dates the emplacement of a subvulcanic multilayer “Christmas-tree” 

laccolithic complex including three intrusive units that were emplaced between 8 

and 7.4 Ma into the ophiolitic successions (Complex IV) and in the Cretaceous an 

Paleogene flysh units (Complex V) of central Elba (Fig. 3.5) (e.g., Dini et al., 2002). 

  

 
 

Figure 3.5. Sketch of the geometrical relationships between the magmatic bodies of central 

and western Elba Island at 6.8 Ma (after Dini et al. 2002). 

 

The oldest intrusive units of such subvulcanic complex are represented by two 

sills of the Capo Bianco aplite and Nasuno microgranite (8-8.5 Ma). These rocks, 

are very-fine grained alkali feldspar granites with tiny phenocrysts of quartz, 

feldspars and muscovite locally showing concentrations of tourmaline in 

orbicules. The slightly younger intrusive unit is represented by the monzogranitic-

syenogranitic Portoferraio porphyry (ca. 8 Ma), which consists of four main layers 

characterized by small phenocrysts of quartz, feldspars and biotite. Successively, 
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the monzogranitic San Martino porphyry (7.4 Ma) was emplaced as a multi-layer 

laccolith, which is characterized by a different mineralization consisting of 

abundant sanidine megacrysts and quartz, plagioclase, biotite phenocrysts.  

After the emplacement of the San Martino porphyry layers, the multiple laccolith 

complex was then intruded at the base by the Monte Capanne monzogranite 

pluton (6.9 Ma) and its associated leucogranites. This pluton is a slightly 

peraluminous biotite monzogranite intrusion (Dini et al., 2002) formed by the 

downward stacking of multiple magma pulses that coalesced into a single 

intrusion (Farina et al., 2010). Three main facies characterize this pluton, where the 

first and the second are the most important. The first is represented by the 

Sant’Andrea facies, which is characterized by abundant large K-feldspar 

megacrysts and mafic enclaves. The second is the granodioritic-monzogranitic San 

Piero facies, typically quarried for its homogeneous texture almost free of large 

megacrysts and mafic enclaves. The third is represented by the San Francesco 

facies, which shows intermediate feature between the Sant’Andrea and the San 

Piero facies (e.g., Dini et al., 2002). The patchy distribution of the Sant’Andrea 

facies, mainly around the margin of the pluton, suggests that was emplaced first 

and was then disturbed by the arrival of the San Piero facies, which dominate the 

eastern border of the Monte Capanne pluton.  

The acidic dykes of Monte Capanne occur mainly close to the pulton’s contact, 

within both the pluton and its thermometamorphic aureole. These intrusions are 

essentially composed of leucogranites dykes/sills and aplite-pegmatite veins strike 

N-S and dip 30°-75° E. The leucogranites are interpreted as a series of fractionation 

products from a magma having similar characteristics to those of the San Piero 

facies. These rocks have a width ranging from few centimeters to up 20 meters and 

a medium grain size, containing quartz, K-feldspar, plagioclase, subordinate 

biotite and white mica, and locally abundant cordierite. Tourmaline, zircon, 

apatite, titanite, andalusite, sulphides and other opaque minerals, are accessory 

phases. A late circulation of magmatic fluids is responsible for the local alteration 
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of feldspars and Fe-Mg minerals. 

The aplites occur commonly as thin (0.1 to 2 m) and short (up to a few meters) 

veins and dykes, cross-cutting the pluton, its thermometamorphic rocks and, in 

some places, the leucogranite dykes. They show a variable grain size, with rare 

patches of quartz-rich massive pegmatite. Their composition is characterized by 

quartz, K-feldspar, plagioclase, scarce biotite and/or white micas. Zircon, apatite 

and andalusite are rare accessory phases. A tourmaline-rich facies, with abundant 

subhedral to anhedral tourmaline crystals, is widespread. Such tourmaline-rich 

facies locally displays a strong alteration, with almost complete discoloration 

and/or chloritization of biotite, formation of iron hydroxides and kaolinization and 

sericitization of feldspars. 

 

3.2.4 The miarolitic Li-bearing aplite-pegmatite dikes 

The aplite-pegmatite dikes are distributed along the eastern contact of the Monte 

Capanne monzogranite pluton, in its peripheral parts and in the surrounding 

thermometamorphic rocks (Marinelli, 1959). In the eastern border of the pluton, 

they share the same NNE-SSW strike of the leucogranite sills, but unlike the sills, 

dip to the west at high angles (Pezzotta, 2000).  

The best known occurrences are located near the villages of San Piero in Campo 

and Sant’Ilario in Campo (Fig. 3.6). The size of these dikes ranges from few 

centimeters up to 2 meters in width, and up to 20 meters along strike.  Such aplite-

pegmatite dikes are characterized by a lithium-cesium-tantalum (LCT) 

geochemical signature and, on a small scale, they share many major features with 

other important gem-bearing pegmatite districts around the world, such as the 

Pala and the Ramona districts in California, as well as in the Nuristan province of 

Afghanistan. Their age is estimated at 6.9 Ma (Dini et al., 2002), making them 

among the youngest known gem-bearing pegmatites in the world.  
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Figure 3.6. Geologic map of the eastern border on the Monte Capanne monzogranite 

pluton, showing the areas of occurrence of gem-bearing pegmatites (from Pezzotta 2021). 

 

All of the productive tourmaline-bearing veins crop out in an area of less than 4 

km2, and are hosted in both the megacryst-rich and the megacryst-poor 

monzogranite facies as well as within the contact metamorphic rocks of the Monte 

Capanne pluton. Moreover, most of them contain miarolitic cavities lined with 
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quartz, feldspars and lepidolite, along with multicolored tourmaline crystals and 

several accessory minerals. In general, the mineralogy of the largest miarolitic 

cavities reflects the textural and mineralogical structure of the dikes. The footwall 

is mostly composed of albite and quartz of medium grain size, with abundant 

tourmaline and petalite. On the contrary, the hanging wall is mostly composed of 

perthitic K-feldspar, albite and quarz with a much coarser grain size, and scarce 

tourmaline and petalite (Pezzotta, 2021). In such pockets, two main stages of the 

paragenetic sequence were recognized: an “aplitic-pegmatitic” stage, consisting of 

K- feldspar, albite, quartz, tourmaline, beryl, lepidolite, petalite, pollucite and 

garnet, and a “hydrothermal stage” responsible for the crystallization of pink 

elbaite and calcite, and the alteration of K-feldspar into kaolinite.  

Elba pegmatites were classified in four distinct groups by Pezzotta (2000) based on 

internal structures, textural patterns, rock-forming mineralogy, pocket paragenesis 

and degree of geochemical evolution: I) Dikes without Li minerals; II) Li-bearing 

dykes with complex asymmetric zoning; III) Li-bearing dykes with simple 

asymmetric zoning; IV) Irregularly zoned to unzoned Li-bearing dikes. The degree 

of geochemical fractionation increases from I to IV group. The less geochemically 

evolved dikes of the I group are mostly emplaced inside the granitoids of the 

pluton, and the most evolved ones of the IV group are all emplaced in the 

thermometamorphic rocks (metasediments and metaserpentinites) of the contact 

aureole.  

The miarolic dikes of the group I are characterized by a lack of Li- and Cs-minerals 

and the presence of tourmaline crystals exclusively black in color. These intrusions 

are hosted in the monzogranite, are a few centimeters to 1 meter thick and 2 to 20 

m long. They do not display significant textural or mineralogical zoning. In fact, 

they are mainly aplitic, with the pegmatitic portions dispersed as irregular veins. 

The main components of the aplitic rock are quartz, K-feldspar, plagioclase and 

biotite. Tourmaline occurs as primary, zoned, prismatic, euhedral crystals in aplite 

and pegmatite, and as radiating crystal groups and graphic intergrowths with 
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quartz, albitic plagioclase, and perthitic-graphic K-feldspar in pegmatite. A second 

generation of intergranular tourmaline is common. The mineralogy of the 

miarolitic cavities reflects the primitive nature of these pegmatites. Only 

tourmaline and, exceptionally, spessartine garnet are locally abundant. No 

significant hydrothermal process of mineral alteration is evidenced.  

The miarolitic dikes belonging to the group II are characterized by Li-bearing 

minerals, and a complex three-dimensional asymmetric zonation. They are hosted 

in the pophyritic portion of the Monte Capanne monzogranite pluton, a few 

meters apart from the contact with the thermometamorphic rocks. Most of them 

are 6−10 m long showing a thickness of 1−2 m. The dip can range from 25° to 75°. 

The contacts along strike are generally sharp, and the termination consists of a 

fingering-out network of small veins. In some cases, thin anastomising aplitic 

apophyses can run continuously for several tens of meters. 

This group concerns the famous pegmatitic veins of Rosina, San Silvestro, Grotta 

d’Oggi quarry, Fonte del Prete and La Speranza, located in the eastern border of 

Monte Capanne, near the village of San Piero in Campo. These pegmatitic veins 

display a marked variation in abundance, texture of the rock-forming minerals, 

distribution as well as composition of accessory minerals. The pocket paragenensis 

of the dikes ranges from primitive to highly evolved, hosting black to 

polychromatic tourmaline crystals. Moreover, thin radial fractures and 

phenomena of cavity collapse are evident around the larger pockets. The presence 

of altered cavity-lining and -coating minerals such as biotite, spessartine garnet 

and K-feldspar, suggests that some leaching processes occurred in the enclosing 

pegmatite. 

The miarolitic dikes of the group III are characterized by the presence of Li-

bearing minerals, but show a simple asymmetric zoning. These dikes are hosted in 

the porphyritic part of the Monte Capanne monzogranite pluton, close to the 

contact with the country-rocks, in the leucogranite dikes, as well as in the 

thermometamorphic mafic rock of the contact aureole. The dikes belonging to this 
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group, unlike those of group I and II, are small with a length of 6−8 m and rarely 

exceed the thickness of 25 cm. The pegmatitic dikes from the locality of Catri, 

Facciatoia, Masso Foresi, Fosso Gorgolinato and Fosso dei Forcioni, near the 

village of Sant’Ilario in Campo, belong to the group III. Miarolitic cavities are 

locally abundant, and the largest one (up to 120 x 80 x 25 cm) was observed at the 

dike intersections. Mineral assemblages and pocket paragenesis are comparable 

with that of the highly evolved pockets of the group II dykes above described. A 

remarkable mineral segregation is present in the cavities of the group III dykes, 

with most of the K-feldspar crystals confined to the roof, and most of the albite 

and of the tourmaline, the petalite and the pollucite confined at the base. Two 

fracturing events can be distinguished in such veins and cavities: a first one which 

is very limited and it is associated with the formation of a dark overgrowth at the 

termination of the tourmaline crystals; and a local, second, more dramatic one 

which is associated with a deep late-stage corrosion of feldspars and tourmaline, 

and occasionally even quartz (Orlandi and Pezzotta, 1996; Pezzotta, 2000). 

The group IV miarolitic dikes contain Li-bearing minerals, are irregularly zoned to 

unzoned, and are characterized by a random distribution of accessory minerals. 

Such dikes are hosted in the hydrothermally altered mafic rocks and in the 

metasedimentary hornfels of the thermometamorphic aureole of the Monte 

Capanne pluton. Their thickness ranges from a few centimeters up to 2 meters and 

the length can attain 6-7 meters. The internal structure of these dikes vary from 

irregularly distributed masses of aplitic and pegmatitic rocks, with local 

concentrations of tourmalines and white to pink micas, to medium-grained rock 

with minerals homogeneously distributed. In the pegmatitic masses, tourmalines 

occur locally as radiating groups, as well as randomly oriented prismatic crystals. 

Tourmaline crystals are typically black in color, but occasionally are also present 

as polychromatic crystals with black to green and pink colors. White to pink micas 

are locally abundant, along with albite in aggregate crystals. Miarolitic cavities are 

rare, and absent in some dikes. The mineral paragenensis of such pockets is 
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simple: only small crystals of polychromatic tourmaline, white to pink micas, and 

occasionally pink apatite were found.  

The pocket evolution is complex, especially in the large cavities of dikes of the II 

group, and includes pocket ruptures and hydrothermal stages. The structural, 

mineralogical, and paragenetic characteristics of the dikes of the III group and the 

central portion of those belonging to the II group, share many similarities with 

those reported in the literature for miarolitic, gem-bearing dikes from California 

and Afghanistan (Pezzotta, 2000; 2021). 
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3.3 CASE STUDY 1 - First crystal-chemical characterization and 

insights into the genesis of gem tourmaline crystals with blue-

growth zones from the San Piero in Campo pegmatites, Elba 

Island (Tyrrhenian Sea, Italy) 

 

3.3.1 Introduction 

Gem-quality tourmalines from Elba Island are easily recognizable and 

distinguishable from those of all other world localities for the delicate pastel colors 

and the perfection of their crystal shape, even in small size. Specifically, the main 

features which make them unique are the pastel colors of the crystal prismatic 

section and an unusual dark colored termination at the analogous pole (the so-

called “Moor’s head” textural type), which is frequently black (Pezzotta, 2021). 

However, in some cases, the terminations of the tourmaline crystals are not black, 

but they are composed of multiple thin growth zones of greenish, brownish, 

purplish or even bluish colors (Pezzotta, 2021). The blue hues are the rarest and 

thus, the most scientifically fascinating colors among Elba Island tourmalines. 

During the last decades, the only Elba pegmatitic veins in which some tourmaline 

crystals with a blue growth zone at the termination were sampled, are those 

named San Silvestro and Fucili (Grotta d’Oggi quarry), located respectively a few 

hundred meters south and north of the San Piero in Campo village (Pezzotta, 

2021) (Fig. 3.7). 

 
Figure 3.7. Tourmaline crystal with a blue-growth zone on quartz, 18 mm in length. An 

historic specimen from the San Silvestro pegmatite (San Piero in Campo, Elba Island, 

Italy). Federico Pezzotta collection. Antonio Miglioli photo. 
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Tourmaline crystals with blue growth zones from Elba have always been sought 

after and appreciated by collectors from all over the world. Although their 

morphology was described in detail since the 19th century by mineralogists such as 

Giovanni D’Achiardi (D’Achiardi, 1894, 1897), their rarity and collectability have 

hindered studies concerning their crystal-chemical characteristics. In fact, few data 

are currently available on a detailed compositional or spectroscopic analysis. 

Moreover, a correlation study between ultraviolet-visible-near-infrared optical 

absorption spectra (UV-NIR) and local structural information obtained by Fourier-

transform infrared spectroscopy (FTIR) as well as an in-depth study of the atomic 

mechanisms that regulate cause of color has never been done.  

Elbaite crystals with a blue coloration were found in other locations. These include 

copper-bearing crystals from Paraiba State (Brazil), iron-bearing crystals from 

Pakistan and Usakos (Namibia), and blue cap tourmalines from the Tourmaline 

Queen Mine (Pala, San Diego County, California). OAS data of most of these 

samples can be found on the Caltech website 

(http://minerals.caltech.edu/files/visible/tourmaline). 

This study characterizes two tourmaline crystals with a blue-growth zone at the 

analogous pole, respectively from the San Silvestro and the Fucili pegmatites, 

located in the eastern border of Monte Capanne monzogranite pluton (Fig. 3.8 A). 

San Silvestro and Fucili are LCT-type granitic pegmatites belonging to the II group 

of the Monte Capanne aplitic-pegmatitic veins classification system according to 

Pezzotta (2000) criteria. The San Silvestro pegmatite shows a complex and well-

structured internal asymmetric zoning, which includes a well-defined aplitic-

layered unit at the footwall. Fucili is composed by a swarm of narrow pegmatitic 

and aplitic veins, sub-parallel or locally intersecting each other at low angles, 

hosted in monzogranite. These pegmatites are frequently miarolitic, with cavities 

containing euhedral crystals of quartz, feldspar, lepidolite, gem tourmaline and 

several accessory minerals (Pezzotta, 2021).  

This work represents the first detailed chemical and spectroscopic study on 

http://minerals.caltech.edu/files/visible/tourmaline
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tourmaline crystals with a blue-growth zone from Elba Island. Furthermore, 

because tourmaline is an excellent petrogenetic indicator, able to register the 

chemical-physical variations of the crystallization environment during its growth 

(e.g., Hawthorne and Dirlam, 2011), this study contributes to the understanding 

on the origin and chemical composition of fluids involved in tourmaline 

crystallization, which are responsible for the color changes at the analogous 

termination observed in Elba tourmaline crystals.  

 

Figure 3.8. A) Geologic map of Elba Island. The occurrence area of the tourmaline samples 

investigated in this study is marked at the edge of the Monte Capanne granite (VI). B) 

Crystal from the Fucili pegmatite (Grotta d’Oggi quarry, north of San Piero in Campo, 

Elba Island, Italy), 9 mm in length. C) Crystal from the San Silvestro pegmatite (south of 

San Piero in Campo, Elba Island, Italy), 12 mm in length. Scale bar = 1 mm. The analyzed 

traverses (a-b) are represented by solid red lines, while the dashed red lines divide the 

crystal in the different zones labelled as Z1—Z4/Z5 based on colour/chemistry. 
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The results obtained from this study were published in Mineralogical Magazine 

(Altieri et al., 2022). In this paper, the candidate is the first author and the main 

responsible for the analytical work, data interpretation, figures and tables 

production and the manuscript draft. 

 
3.3.2 Analytical Methods  

Samples description and preparation 

The two tourmaline samples, Fucili and San Silvestro (Fig. 3.8 B,C), are 

characterized by a blue-growth zone at the analogous pole, with a more intense 

greenish hue in the Fucili sample. An additional yellow-green colored zone is 

observable close to the base of both crystals; this zone is better defined in the San 

Silvestro crystal. 

The samples were glued to a glass-slide using epoxy resin, with their length 

parallel to the surface of the slide. A slice of each crystal was cut along the fastest 

growth direction (crystallographic c-axis) and subsequently ground and polished 

to produce a flat surface with a uniform thickness of 500 µm for electron 

microprobe analysis (EMPA).  

A section of the blue zone showing significant Fe contents by EMPA was cut from 

the Fucili sample using a thin-blade diamond wheel saw. Small amounts (1−2 mg) 

of the material were finely ground under acetone in an agate mortar, mixed with 

thermoplastic resin and then shaped to a millimetre-sized cylindrical absorber 

under mild heating for Mössbauer spectroscopy analysis. 

For infrared and optical absorption spectroscopy analyses, samples were glued to 

a glass-slide using a thermoplastic resin and cut along the c-axis, as above 

described. Before analyses, tourmaline slices were further thinned to appropriate 

thickness and doubly polished (Fucili sample: 45 µm and 364 µm for infrared and 

optical absorption spectroscopy analyses, respectively; San Silvestro sample: 74 

µm and 865 µm for infrared and optical absorption spectroscopy analyses, 

respectively). 
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Electron-microprobe analysis (EMPA) 

Compositional data were collected along a straight traverse parallel to the c-axis 

from the base to the termination of each crystal with an average step size of 300 

μm using a CAMECA SX50 electron-microprobe at the Istituto di Geologia 

Ambientale e Geoingegneria (CNR of Rome, Italy). A total of 24 and 37 spot 

analyses for Fucili and San Silvestro samples were obtained, respectively. EMP 

analyses were done operating in wavelength-dispersion mode with an 

accelerating potential of 15 kV, a sample current of 15 nA and a beam diameter of 

10 μm. Minerals and synthetic compounds were used as primary standards: 

wollastonite (Si, Ca), magnetite (Fe), rutile (Ti), corundum (Al), karelianite (V), 

fluorphlogopite (F), periclase (Mg), jadeite (Na), orthoclase (K), rhodonite (Mn), 

metallic Cr, Cu and Zn. The PAP correction procedure for quantitative electron 

probe micro analysis was applied (Pouchou and Pichoir, 1991). Relative error on 

data was < 5% and detection limits < 0.03 wt%.  

 

Mössbauer spectroscopy (MS)  

The 57Fe Mössbauer spectrum of the blue zone of the Fucili sample was acquired 

using a conventional spectrometer system equipped with a 10 mCi point source 

and operated in constant acceleration mode. The absorber was mounted on strip 

tape and positioned close (<1 mm) to the tip of the point source. Data were 

collected at room temperature over the velocity range ±4.2 mm/s and recorded in a 

multichannel analyzer with 1024 channels. The velocity was calibrated with an α-

Fe foil. The obtained spectrum was fitted to Lorentzian line-shapes using the 

MossA fitting program (Prescher et al., 2012).  

 

Optical absorption spectroscopy (OAS) 

Polarised, room temperature optical absorption spectra of Fucili and San Silvestro 

yellow-green and blue zones in the range of 30000–11500 cm–1 were obtained at a 

spectral resolution of 1 nm on doubly polished sections, using an AVASPEC-

ULS2048 × 16 spectrometer attached via a 400 μm ultraviolet (UV) optical fibre 
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cable to a Zeiss Axiotron UV-microscope. A 75 W Xenon arc lamp was used as 

light source and Zeiss Ultrafluar 10× lenses served as objective and condenser. An 

UV-quality Glan-Thompson prism, with a working range from 40000 to 3704 cm–1 

was used as a polariser. Spectra data in the range 11500-5000 cm-1 were taken from 

the FTIR measurements. The colorless central region for both samples was also 

measured as reference spectra.  

 

Fourier-transform infrared (FTIR) spectroscopy  

Polarised Fourier-transform infrared spectra of Fucili and San Silvestro blue zones 

in the range 2000–13000 cm–1 were collected at a resolution of 4 cm–1 from the same 

sections studied by OAS spectroscopy but with a reduced thickness. Analyses 

were performed using a Bruker Vertex 70 spectrometer attached to a Hyperion 

2000 microscope and equipped with a halogen-lamp source, a CaF2 beam-splitter, 

a ZnSe wire-grid polariser and an InSb detector. 

 

Determination of atomic fractions 

The wt% of element oxides determined by EMPA was used to calculate the atomic 

fractions (apfu).  The B3+ content was assumed to be stoichiometric (B = 3.00 atoms 

per formula unit, apfu). Lithium was calculated in accord with Pesquera et al. 

(2016). The (OH) content was calculated by charge balance with the assumption (T 

+ Y + Z) = 15.00 apfu and 31 anions.  

According to the MS results (see below), all Fe in the blue zone of Fucili sample is 

in the reduced state +2, within an estimated detection limit of 3%. Based on this 

result, all Mn was considered as Mn2+. Concerning the San Silvestro sample, given 

the comparable chemical composition, the oxidation state of Fe and Mn were also 

assumed to be +2.  
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3.3.3 Results 

Chemical composition  

Chemical data along the c-axis in the direction of the analogous termination 

showed an heterogeneity in composition for selected elements (Fe and Mn) that 

can be correlated with color displayed. Other elements did not show appreciable 

variation along the c-axis, with the exception of fluorine and calcium. Vanadium, 

Cr, Cu and Mg were below detection limits. On the basis of the variation in 

chemical homogeneity and color displayed, each sample was divided in different 

zones: four for the Fucili and five for the San Silvestro sample. Figure 3.9 and 

Figure 3.10 display the pattern of selected elements (as wt% oxides) determined 

along the considered traverse. Tables 1 and 2 summarize the chemical 

compositions in wt% and apfu for each selected zone of Fucili and San Silvestro 

samples, respectively. 

In both samples, the blue colored zone located at the upper part of the crystals is 

characterized by the highest amount of Fe (Z3, Fig. 3.9 and Fig. 3.10). In Fucili, FeO 

increases up to 1 wt% and then decreases to below detection at the colorless 

termination of the crystal (Z4, Fig. 3.9). In San Silvestro, the blue zone is 

characterized by a lower FeO concentration, which increases up to 0.7 wt%, and 

slowly decreases to below detection approaching the termination of the crystal, 

with a concomitant fading of color (Z4, Fig. 3.10). FeO concentration abruptly 

increases to 0.6 wt% at the rim of the crystal, where an additional thin bluish 

overgrowth occurs (Z5, Fig. 3.10). In all blue colored zones TiO2 content was below 

detection limits (Tables 3.1 and 3.2).  

The prismatic initial part of the two crystals exhibits a yellow-green color and 

contains the highest amount of Mn. This zone appears more extended and darker 

in the San Silvestro sample and is characterized by MnO up to ⁓ 4.5 wt%, which 

decreases to values below detection in the remaining part of the crystal (Fig. 3.10). 

This zone is also enriched in TiO2 (up 0.11 wt%) (Table 3.2). Similarly, the Fucili 

yellow-green zone shows MnO up to ⁓ 1.5 wt%, which sharply decreases to values 
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0.1-0.3 wt% in the remaining part of the crystal (Fig. 3.9).  

 

 
Figure 3.9. EMP analysis of Fucili sample along a straight traverse parallel to the c-axis 

(only selected oxides are reported). See Table 3.1 for complete chemistry. 

 

 
Figure 3.10. EMP analysis of San Silvestro sample along a straight traverse parallel to the 

c-axis (only selected oxides are reported). See Table 3.2 for complete chemistry.  
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The yellow-green zones of the Fucili and the San Silvestro samples (Z1) are 

enriched in F, compared to other parts of the crystals. In the Fucili sample, the F 

content remains higher throughout the entire length of the prismatic colorless 

section (Z2), with an average value of 0.7 wt%, decreasing to lower values at the 

terminal part of the crystal (Fig. 3.9). In contrast, the San Silvestro sample contains 

the highest concentration in F (⁓1.2 wt%) close to the base of the crystal. Fluorine 

content slowly decreases within the yellow-green zone to reach very low values in 

the remaining part of the crystal (Fig. 3.10). 

 

Iron speciation  

To evaluate the Fe redox state, the blue zone of Fucili sample, characterized by the 

highest Fe content, was subjected to MS analysis. The spectrum could be 

accurately fitted with three Lorentzian doublets with centre shift (ẟ) values around 

1.09 mm/s, consistent with [6]Fe2+ (Fig. 3.11).  

 

Figure 3.11. Room temperature 57Fe Mössbauer spectrum for the blue zone of the Fucili 

sample. Experimental spectrum (exp) is represented by dots, calculated spectrum (calc) by 

thick red curve. Lorentzian absorption doublets assigned to Fe2+ are represented by 

coloured areas. The different color of the areas refers to the assignment of Fe2+ between Y 

and Z sites. 

 

The doublets are distinguished by their quadrupole splitting (∆EQ) values: the first 

two doublets with ∆EQ equal to 2.61 mm/s and 2.33 mm/s, were interpreted as Fe2+ 

at the Y site (Y1 and Y2), whereas the third Fe2+ doublet, which has ∆EQ = 1.31 
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mm/s, was interpreted as [6]Fe2+ at the Z site according to the model described in 

Andreozzi et al. (2008). No indication of the presence of Fe3+, within the 

experimental error, was observed by MS analysis, consistent with the absence of 

Fe3+-related signals in OAS spectra (see below). The hyperfine parameters of the 

MS doublets and the relative Fe oxidation state and site assignment for the blue 

zone of Fucili sample are summarized in Table 3.3. 

 

 
 

Determination of site population and mineral formula 

The site populations for each zone of Fucili and San Silvestro samples were 

calculated following Henry et al. (2011). The resulting empirical formulae are 

reported in Table 3.4. All the compositions are consistent with a tourmaline 

belonging to the alkali-group, subgroup 2 (Henry et al., 2011): they are Na-

dominant at the X position of the tourmaline general formula and hydroxy-

dominant at W with (OH+F)− > O2− and (OH) >> F, with the exception of Z1 yellow-

green zone of San Silvestro which is fluor-dominant. All studied tourmalines are 

ZAl- and Y(Al1.5Li1.5)-dominant, thus they are elbaitic from a nomenclature 

viewpoint (Henry et al., 2011). In detail, all the zones of Fucili and San Silvestro 

can be classified as elbaite, ideally Na(Li1.5Al1.5)Al6Si6O18(BO3)3(OH)3OH, except for 

Z1 of San Silvestro that is fluor-elbaite, ideally Na(Li1.5Al1.5)Al6Si6O18(BO3)3(OH)3F. 

The Z1 zone of both samples is a Mn-bearing tourmaline (MnO > 1 wt%), whereas 

the Z3 zone of the two samples and Z5 of San Silvestro are Fe-bearing tourmalines 

(FeO > 0.2 wt%). 
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Optical spectra  

The optical absorption spectra (E⊥c and E||c) in the UV-Vis-NIR region of San 

Silvestro and Fucili blue zone highlight the cause of color (shown in Figure 3.12). 

The spectrum of the San Silvestro sample recorded in polarized mode 

perpendicular to the c-axis direction displays two absorption bands centred at 

13800 and 9200 cm–1 and two very weak absorption bands at ⁓19000 and ⁓23000 

cm-1. The same bands, with higher intensities, are also observed in the E⊥c-

spectrum of the Fucili sample (Fig. 3.12). In light polarized parallel to the 

crystallographic c-axis, the recorded spectra are characterized by the same 

absorption bands observed in E⊥c-spectra, but with a lower intensity.  

 

 

Figure 3.12. OAS spectra polarised perpendicular (E⊥c, blue line) and parallel (E||c, red 

line) to the c-axis direction of the blue zone of the San Silvestro (A) and Fucili (B) samples. 

Sample thickness: San Silvestro = 364 μm; Fucili = 865 μm. Peak positions are indicated. 



52 
   

The set of strongly E||c-polarised sharp bands in the NIR region of spectra of the 

blue zones of the San Silvestro and Fucili samples between 6700–7200 cm–1 are due 

to overtones of the fundamental (OH)-stretching modes (Fig. 3.12). 

 

FTIR spectra in the (OH)-stretching region  

FTIR spectra recorded in polarized mode perpendicular and parallel to the c-axis 

for the blue zones of San Silvestro and Fucili samples, display a set of absorption 

bands with different intensities in the (OH)-stretching region (3300–3800 cm-1) 

(Fig. 3.13). As observed in previous polarized-FTIR studies on tourmalines (e.g., 

Gebert and Zemann, 1965), the absorption bands are strongly polarized in the c-

axis direction, and the main bands suffer from truncation problems due to 

excessive absorption.  

Infrared spectra of the blue zone in the San Silvestro sample display the presence 

of several bands where intensity is strongly dependent on the polarisation 

direction (Fig. 3.13 A). Four main intense bands are observable in E⊥c polarization 

at 3465, 3489, 3563 and 3587 cm-1, and two weaker bands occur at 3653 and 3663 

cm-1. In the E||c direction the band at 3653 cm-1 shows a much stronger intensity, 

and an additional weak band occurs at 3705 cm-1, whereas the bands below 3600 

cm-1 are off-scale.  

The FTIR spectra of the blue zone of Fucili sample (Fig. 3.13 B) display very 

similar features to those observed in the spectra of San Silvestro sample, with four 

main intense bands at 3465, 3488, 3561 and 3585 cm-1 (E⊥c), two relatively weak 

bands at 3654 (E||c) and 3663 cm-1 (E⊥c), and a very weak band at 3705 cm-1, only 

present in the E||c direction.  
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Figure 3.13. Polarised FTIR spectra (E⊥c, blue line, and E||c, red line) of the blue zone of 

the San Silvestro (A) and Fucili (B) samples. Peak positions are indicated. Sample 

thickness: San Silvestro = 74 μm; Fucili = 45 μm. 

 

3.3.4 Discussion 

Cause of color  

Colors in tourmaline are essentially related to transitions elements (Ti, V, Cr, Fe, 

Mn and Cu), acting as color-causing agents through several mechanisms at 

structural levels, with the most common ones being crystal field transitions (CFT), 

intervalence charge transfer interactions (IVCT), and color centres (e.g., Fritsch 

and Rossman,1987; Pezzotta and Laurs, 2011; Rossman, 2014). Because chemical 

analyses of the San Silvestro and Fucili samples revealed contents of V2O3, Cr2O3 
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and CuO below the detection limit (≤ 0.03 wt%), the main transition metals that 

could contribute to the color of the blue zone of these tourmaline crystals are Fe, 

Mn and Ti. 

Polarized spectra (E⊥c and E||c) recorded on the blue zone (Z3) of San Silvestro 

sample (Fig. 3.12 A) show two absorption bands centred at 13800 and 9200 cm-1, 

which are caused by electronic transitions in Fe2+ (e.g., Mattson and Rossman, 

1987). EMPA results confirmed the presence of Fe as only color-causing agent 

(FeO up to 0.7 wt%), because Mn and Ti are barely detectable (below detection) in 

the blue zone of this sample (Fig. 3.10). Moreover, the weak polarization of 13800 

and 9200 cm-1 bands is attributable to the absence of Fe3+ in the sample. 

Consequently, these bands are assigned to pure spin-allowed d-d transitions in [6]-

coordinated Fe2+ (e.g., Mattson and Rossman, 1987). In addition, weak absorption 

bands at ⁓19000 and 23000 cm-1 are tentatively assigned to spin-forbidden 

electronic transitions in [6]-coordinated Fe2+.  

As observed for San Silvestro, spectra of the blue zone (Z3) of the Fucili sample are 

characterized by two strong absorption bands at 13800 and 9200 cm-1 (Fig. 3.12 B), 

which are attributable to pure spin-allowed d-d transitions in [6]-coordinated Fe2+. 

This assignment agrees with the Fe valency and site distribution observed from 

Mössbauer spectra of the blue zone of this sample (Fig. 3.11 and Table 3.3). The 

stronger intensity of the bands at 13800 and 9200 cm-1 relate to the higher 

concentration of Fe (FeO up to ⁓ 1 wt%) compared to the blue zone of the San 

Silvestro sample. Similarly, the weaker absorption bands due to spin-forbidden 

transitions in [6]-coordinated Fe2+ also display increased intensities. 

The blue color of elbaite crystals is predominantly due to Fe2+, which causes 

absorption in the red range of the visible spectrum, and in rare cases by Cu2+. Blue 

hue can be amplified significantly by very low amounts of Ti4+ and Fe3+, through 

Fe2+-Ti4+ and Fe3+-Fe2+ IVCT interactions. These latter interactions were reported in 

the OAS data of the “blue capped” tourmalines from the Tourmaline Queen Mine 

(Pala, California) (http://minerals.caltech.edu/files/visible/tourmaline). Although the 

http://minerals.caltech.edu/files/visible/tourmaline
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similarity with the Queen Mine tourmalines, sharing a blue zone at the analogous 

pole, the samples here analyzed show in the OAS spectra only absorption bands 

related to Fe2+. Thus, the blue color for these samples is due to Fe2+ alone, without 

the influence of Ti or Fe3+. 

Chemical analyses of the yellow-green zones (Z1) identify Ti, Mn and Fe as 

potential color-causing agents (Tables 3.1 and 3.2). In the spectra of the San 

Silvestro sample, the broad and strongly polarized (E⊥c) absorption in the near 

UV-region extending from 19000 to 32000 cm-1 can be tentatively assigned to 

a Mn2+-Ti4+ IVCT-band at ⁓30100 cm-1 (Rossman and Mattson, 1986) and to a Fe2+-

Ti4+ IVCT-band at ⁓23900 cm–1 (data not shown). A slightly higher energy of 23900 

cm-1 for the Fe2+-Ti4+ IVCT-band as compared to a previously reported energy 

range of 22000-22900 cm-1 (e.g., Smith, 1978; Taran et al., 1993; Bosi et al., 2022c) 

may possibly be explained by differences in local cation ordering. This suggests 

that Ti4+ acts as color-causing agent in combination with Mn2+ and Fe2+ in the 

yellow-green zone of San Silvestro sample, consistent with the Ti enrichment of 

this zone (TiO2 up to 0.11 wt%). Concerning the E⊥c-spectrum of the Fucili 

sample, the weak band at ⁓24500 cm-1 in is caused by spin-forbidden electronic 

transitions in [6]-coordinated Mn2+ (Rossman and Mattson, 1986). Overall, these 

data are in agreement with the paleness of the yellow-green zone of Fucili sample, 

which is also much thinner than that of the San Silvestro sample (Fig. 3.8 B,C).  

 

 (OH) band assignment 

In the structure of tourmaline, the O1 site (≡ W) is surrounded by three Y cations, 

whereas the O3 site (≡ V) is surrounded by one Y and two Z cations. The highest 

energy bands above 3600 cm-1 correspond to O–H stretching vibrations at the O1 

site, whereas bands in the range 3600-3400 cm-1 are associated with OH vibrations 

at the O3 site (e.g., Gonzalez-Carreño et al., 1988; Bosi et al., 2015). The O1(OH) 

stretching modes are affected by the X-site constituents, with the bands between 

∼3600–3700 cm–1 normally assigned to X□, whereas bands above 3700 cm–1 are 



56 
   

considered associated with XNa+ for electrostatic repulsion reasons between 

cations at X-site and H+ of the O1(OH) group (e.g., Gonzalez-Carreño et al., 1988; 

Berryman et al., 2016). 

Based on the studies of Bosi et al. (2012, 2016, 2021) and Watenphul et al. (2016), 

the four main FTIR bands between 3465 and 3587 cm-1 are likely caused by the 

occurrence of the atomic arrangements 3[Y(Li,Fe2+,Mn2+,Al)ZAlZAl]−O3(OH)3. The 

bands between 3600−3700 cm-1 may be caused by the arrangements 

Y[(Li,Fe2+,Mn2+)(Mn2+,Al)Al]−O1(OH)−X(□), whereas the weak band above 3700 cm-1 

may be ascribed to Y[(Li,Fe2+,Mn2+)(Mn2+,Al)Al]−O1(OH)−X(Na). These possible 

short-arrangements are consistent with the chemical characteristics of both blue 

zones, specifically Fe-bearing tourmalines, ZAl- and Y(Al1.5Li1.5)-dominant. 

 

Petrogenesis and evolution of the blue-growth zones in tourmaline crystals from 

Elba Island 

The rarity of the blue growth zone in tourmaline crystals from Elba Island could 

be linked to unusual environmental conditions which are responsible for the 

chemical variation and, thus, the color variation observed along the crystals. Data 

obtained indicate that the blue color of San Silvestro and Fucili samples is related 

to a slight enrichment in Fe2+ in the crystallization environment.  

The formation of yellow-green coloration at the base of the tourmaline crystals 

from Fucili and San Silvestro pegmatites, required specific geochemical 

conditions: the original pegmatite-forming melt, a B-rich peraluminous melt, must 

be enriched in Mn and relatively low in Fe (Bosi et al., 2022a). Moreover, during 

the early stages of tourmaline crystallization, Fe must be removed. The most likely 

mechanism for depleting Fe from the pegmatitic melt is early crystallization of an 

Fe-rich mineral, such as biotite (or garnet or Fe-sulfides). Biotite is a typical 

paragenetic mineral in the Fucili and San Silvestro pegmatites. Additional removal 

of Fe during the evolution of pegmatite crystallization is guaranteed by the 

development of schorl. Furthermore, Mn must be preserved when highly evolved 
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Li-rich tourmaline starts to crystallize; this can be achieved when spessartine 

garnet (the main competitor for Mn in Elba pegmatites) is absent or crystallized 

only during the very early stages of the pegmatite evolution. Spessartine 

crystallization is recognized as an important mechanism for regulating the Mn 

content during the evolution of the pegmatite systems (Novak et al., 2000; Laurs et 

al., 2007). In the studied Elba tourmalines, Mn incorporation during the early stage 

of tourmaline crystallization occurred when spessartine was not crystallizing. This 

led to the Mn-rich yellow-green zone in the initial part of both crystals, followed 

by a decrease in Mn content in the remaining part as a consequence of Mn 

depletion in the system by tourmaline crystallization. 

During the latest stages of the Fucili and the San Silvestro miarolitic cavities 

growth, a further change in the fluid compositions occurred. This change is 

recorded by the presence of blue growth zones at the analogous pole of 

tourmaline crystals in some cavities from both pegmatites, corresponding to an 

increased Fe content. We interpret the formation of such blue growth zones in the 

studied tourmalines as the evidence of a phenomenon of partial opening of the 

geochemical system at the scale of the cavities, which allowed some minor 

addition of Fe to the crystallizing fluids. Dutrow and Henry (2000) also invoked 

cavity opening for stabilizing/destabilizing different tourmaline compositions. 

Indeed, textural and paragenetic observations of the cavities in which tourmaline 

samples were collected reveal that such pockets are associated with a series of 

micro-fractures, which crosscut some early-formed tapering biotite crystals hosted 

in the surrounding solid pegmatitic rock. Such crystals appear also partially 

altered (bleached) along the fractures and at their rims.  

In our model, the late-stage minor fracturing phenomenon, possibly related to 

thermal contraction during the cooling of the rock, allowed the cavity fluids to 

infiltrate the surrounding solid pegmatite and locally react with the crosscut 

tapering biotite crystals. This led to the formation of a new generation of “white 

mica” and the release of Fe that diffuse within the cavity fluids. The crystallising 



58 
   

tourmaline registered this event with a bluish growth zone slightly richer in Fe2+, 

which ceased to grow when no more Fe was available in the system. This partial 

opening of the geochemical system is probably similar, but much less developed 

than the one associated with the formation of the well-known black-cap 

tourmaline crystals from Elba pegmatites (Bosi et al., 2022a). This system is likely 

related to more or less extensive fracturing and even pocket collapse before the 

end of the cavity crystallization, when abundant and reactive fluids were still 

present. This scenario could be similar to the one that led to the formation of the 

“blue capped” tourmalines from Queen Mine (Pala, California) 

(http://minerals.caltech.edu/files/visible/tourmaline). However, because the blue color 

of these tourmalines is also influenced by Ti and Fe3+, this required the availability 

of a low amount of Ti in the environment and mild oxidizing conditions.  

 

3.3.5 Conclusions 

The comparison between the chemical composition of the San Silvestro and the 

Fucili samples, characterized by a blue growth zone in the upper part of the 

crystal, suggests a common crystallization environment. Originally, the 

environment was rich in Mn and poor in Fe, to account for the Mn-enrichment at 

the base of the crystals. Here, a yellow-green coloration is related to Mn2+ and, for 

the San Silvestro sample, to Ti4+ in combination with Mn2+ and Fe2+, as color-

causing agents. Fluorine content in pegmatitic melts was correlated to Mn (e.g., 

Selway et al., 1999). This is valid for the San Silvestro sample, where the higher 

availability of Mn, and consequently F, in the early-stage of crystallization, led to 

the formation of fluor-elbaite at the base of the crystal. Subsequently, in both cases, 

a late-stage minor fracturing phenomenon led to a partial opening of the 

geochemical system at the scale of the cavities. This allowed cavity fluids to 

infiltrate the surrounding pegmatite and locally react with early-formed biotite 

crystals. As a result, the corrosion and alteration of such Fe-rich crystals due to 

leaching processes (i.e. mineral dissolution, hydrothermal reactions) were 

http://minerals.caltech.edu/files/visible/tourmaline
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responsible for the availability of Fe in the crystallization environment and thus 

the formation of the blue-growth zone in the upper part of the crystals. The blue 

color is exclusively caused by pure spin-allowed d-d transitions in [6]-coordinated 

Fe2+ without influence of Ti or Fe3+. The presence of Fe only in the divalent state 

suggests that all the above described events occurred during the latest stages of 

crystallization did not change the redox state of the environment, which remained 

as reducing. This interpretation is consistent with a partial opening of the cavity 

system associated with minor fracturing phenomena. 
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3.4 CASE STUDY 2 - Dark-colored overgrowths in an elbaitic 

tourmaline crystal from the Rosina pegmatite, San Piero in 

Campo, Elba Island (Tyrrhenian Sea, Italy): evidence of late-stage 

opening of the geochemical system 

 

3.4.1 Introduction  

Multicolored tourmalines of pastel or light colors with dark crystal terminations at 

the analogous pole (the -c side of the crystal) are quite characteristics of Elba 

Island pegmatites, Italy. These terminations are usually black, though can appear 

in different colors such as brown, green, red-violet, and blue. Such more-or-less 

dark-colored terminations may occur as narrow overgrowths, but can also 

compose a significant zone of the crystals, such as in the case of some elbaite 

crystals which are overgrown by aggregates of long parallel needles (Pezzotta, 

2021). 

The formation of the dark-colored overgrowths in Elba tourmalines are related to 

physicochemical variations in the crystallization environment during the latest-

stages of tourmaline crystal growth. Such changes are consequent to the partial 

destabilization of the pocket environment in which tourmalines grew. The 

opening of the geochemical system due to pocket rupture was suggested by 

several authors. However, the detailed events that led to chemical changes in the 

pocket environment, resulting in the growth of late-stage tourmalines, remain 

unclear. Some authors propose that fracturing of the pocket allowed the 

introduction of external fluids coming from other regions of consolidated 

pegmatite that infiltrated the host rock and modified the chemical environment 

(e.g., Foord 1976; Aurisicchio et al., 1999; Selway et al., 1999; London, 2006). In 

accord with this view, Dutrow and Henry (2000; 2016; 2018) proposed that 

external fluids reacted with the host-rock and, in these conditions, tourmaline 

crystals dissolved to alter their composition with the generation of a late-stage 

fibrous Fe-rich tourmaline, characterized by an external fluid signature. On the 
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contrary, Novák and Taylor (2000) suggested that an internal source of Fe must be 

sought for the origin of Fe-rich late-stage tourmalines. In agreement with this 

latter consideration, Černý (2000) assessed that extensive leaching and corrosion of 

the cavity-lining and cavity-coating minerals of the pegmatite, could led to 

variations in the composition of the cavity fluid. Buŕival and Novák (2015) 

suggested that the chemical change in the cavity system is the result of 

hydrothermal alteration of the cavity-lining minerals by late-stage fluids, which 

developed in the final stages of pegmatite crystallization. Additionally, Felch et al. 

(2016) inferred that the observed corrosion and leaching of cavity-lining 

spessartine garnet crystals, was the result of reactions with late-stage 

hydrothermal fluids that originated and migrated from adjacent highly evolved 

miarolitic cavities. More recently, Bosi et al. (2022a) and Altieri et al. (2022) 

proposed that the pocket rupture event, possibly related to thermal contraction 

during the cooling of the rock, led to some mechanical brittle deformations of the 

enclosing pegmatite through the formation of late-stage fractures. This allowed the 

highly-reactive late-stage cavity fluids to permeate the fractures surrounding the 

cavity where the early-crystallized cavity-lining and cavity-coating Fe- and Mn-

rich minerals were hosted. Leaching and corrosion processes ascribed to the late-

stage cavity fluids led to the hydrothermal alteration of such minerals, with the 

subsequent release of Fe, and occasionally Mn, in the pocket environment. 

The relatively recent discovery of some cavities in the Rosina Pegmatite in San 

Piero in Campo allowed careful collecting of many, mostly elbaitic, tourmaline 

crystals characterized by a variety of dark-colored overgrowths. Paragenetic and 

structural information of the pegmatite were also recorded (Pezzotta, 2021). This 

study is focused on the crystal-chemical characterization of an elbaitic 

multicolored tourmaline crystal found in the cavity naturally broken into two 

fragments in a miarolitic cavity of the Rosina pegmatite (Fig. 3.14 A), and 

characterized by dark-colored overgrowths, respectively purplish-red at the 

analogous pole, and yellow-orange at the antilogous pole (Fig. 3.14 B).  
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Figure 3.14. A) Geologic map of Elba Island. The occurrence area of the analysed 

tourmaline samples (San Piero in Campo, Elba Island, Italy) is marked at the edge of the 

Monte Capanne granite (after Trevisan, 1951 and modified by Pezzotta, 2021).  B) The 

analysed tourmaline crystal fragments. The first fragment (7 mm in length) was collected 

as it is (fragment I), wherease the other two parts (30 and 15 mm in length, respectively) 

were originally connected as a single fragment (fragment II) that broke during collecting 

from the pocket. OGX, OGY, OGZ and OGR indicate the dark-coloured overgrowths. 

Scale bar = 1 cm. 
 

 

This crystal was selected because it is representative of the texture of the 

tourmaline crystals occurring in cavities of many other Elba pegmatites that 

underwent a similar chemical-physical evolution (Pezzotta, 2021). 

The Rosina pegmatite is located a few hundred meters south of the San Piero in 

Campo village, Elba Island, Italy, and since its discovery in early 1990 it has been 

mined for both collectibles and specimens suitable for scientific research (Pezzotta, 

2021). Rosina is an LCT-type granitic pegmatite belonging to the group II of the 

Monte Capanne aplitic-pegmatitic veins classification system according to 

Pezzotta (2000) criteria. This pegmatite is frequently miarolitic, with abundant 

small to medium size pockets and a series of medium to large pockets (up to ⁓ 80 
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dm3 in volume), and is significantly asymmetric in terms of its textures, 

mineralogy, and geochemistry. The axial core-miarolitic zone, which is rich in 

lepidolite, petalite and pollucite, divides the body into a medium-grained lower 

section enriched in albite with minor K-feldspar, quartz, spessartine, patches of 

sekaninaite and comb-texture tourmaline, and an upper coarse-grained section 

enriched in feldspar with minor albite, quartz, and tourmaline. Cavities found at 

shallower levels contain dark-colored tourmalines, together with pale-blue 

aquamarine and spessartine. In contrast, cavities found at deeper levels contain 

abundant polychrome and rose tourmalines with variable Mn and Fe content, 

morganite, petalite, pollucite and spessartine (Orlandi and Pezzotta, 1996; 

Pezzotta, 2000; Bosi et al., 2022a). 

The tourmaline crystal samples investigated were found, together with several 

other crystals, in a relatively large, flat, oblate pocket of ⁓ 80 dm3 in volume (90 x 

65 cm, up to 25 cm high), not affected by any weathering alteration, and in the core 

zone of the pegmatite body. The distribution of the minerals and the rock 

structures of this pocket reflect the typical asymmetric compositional and textural 

zoning of this dike. The roof of the cavity was mostly composed of coarse-grained 

K-feldspar crystals, with quartz, minor albite, petalite and a few multicolored 

tourmaline and pink beryl crystals. The floor of the cavity was mostly composed 

by medium-grained albite, with quartz, petalite, numerous multicolored 

tourmaline crystals, and minor K feldspar crystals and pollucite. Thin radial 

fractures penetrating from the miarolitic cavity into the surrounding pegmatite are 

evident in the Rosina pegmatite (Fig. 3.15), suggesting some phenomena of partial 

cavity collapse. As a result, we propose that the highly-reactive cavity fluids 

locally infiltrate these fractures, leading to late-stage corrosion and alteration of 

the previously-crystallized cavity-lining minerals. These processes are supported 

by the occurrence of fractured and decolored biotite crystals, as well as altered 

spessartine garnet and petalite in the intermediate and lower border zone of the 

pegmatite (Fig. 3.15). 
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Figure 3.15. E–W section of the Rosina pegmatite (⁓ 60 cm in thickness), with the different 

textures and mineralogical zonation labelled. The altered cavity-lining minerals as well as 

late-stage fractures (red arrows) are also marked. Scale bar = 10 cm. 

 

In this investigation we correlated structural evidences (fracturing of the pocket 

producing breakage of tourmaline crystals) to the late-stage tourmaline 

generation. Additionally, a comparison of the dark-colored overgrowths formed at 

the antilogous and analogous poles, provides information on tourmaline 

crystallization at the two different poles. 

The results obtained from this study have been published in Mineralogical 

Magazine (Altieri et al., 2023). In this paper, the candidate is the first author and 

the main responsible for the analytical work, data interpretation, figures and 

tables production and the manuscript draft. 

 

3.4.2 Experimental Methods 

Sample preparation 

The crystal fragments (Fig. 3.14 B) were glued to a glass slide using epoxy resin, 

with their length parallel to the surface of the slide. Then, a slice of each fragment 

was cut along the growth direction (crystallographic c-axis) and subsequently 
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ground and polished to produce a flat surface with a uniform thickness of 500 μm 

for electron microprobe analysis (EMPA). 

For spectroscopic analyses, fragments were glued to a glass slide using a 

thermoplastic resin and cut along the c-axis, as described above, with a thickness 

of ⁓ 1100 μm. Before analyses, slices were further thinned to a suitable thickness 

and doubly polished. 

 

Electron microprobe analysis (EMPA) 

Compositional data were collected along two traverses (A-B and C-D) parallel to 

the c-axis (Fig. 3.16).  

 

Figure 3.16.  Upper panel: results of compositional analysis of the tourmaline crystal 

fragments along the two traverses (A–B and C–D). Lower panel: thin section of the 

analysed tourmaline fragments, with the traverses parallel to the c-axis represented by 

solid lines. OGX, OGR, OGY and OGZ are used for the different overgrowths. 

 

The first one (A–B) was conducted from the base to the termination of each crystal 

fragment, with an average step size of 800 μm, except for where it passed through 
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the overgrowths, labelled as OGX, OGR and OGZ, where the step size was 

reduced to 130, 120 and 350 μm, respectively, to capture more fine-scale detail. A 

second short traverse (C–D), with a step size of 80 μm, was conducted to analyse a 

lateral overgrowth, labelled as OGY, and located on the prismatic section of the 

crystal. Electron microprobe analysis was done using a CAMECA SX50 at the 

Istituto di Geologia Ambientale e Geoingegneria (CNR of Rome, Italy) operating 

in wavelength-dispersion mode with an accelerating potential of 15 kV, a sample 

current of 15 nA and a beam diameter of 10 μm. Eighty-seven spot analyses were 

collected. Minerals and synthetic compounds were used as reference materials as 

follows: wollastonite (Si, Ca); magnetite (Fe); rutile (Ti); corundum (Al); karelianite 

(V); fluorophlogopite (F); periclase (Mg); jadeite (Na); orthoclase (K); rhodonite 

(Mn); and metallic Cr. The PAP correction procedure for quantitative electron 

probe micro analysis was applied (Pouchou and Pichoir, 1991). Relative error on 

data was <5% and detection limits <0.03 wt%. 

 

Optical absorption spectroscopy (OAS)  

Polarised room-temperature optical absorption spectra of the overgrowths ( OGX, 

OGR, OGY and OGZ) were obtained in the range of 35000–11000 cm (286–909 nm) 

at a spectral resolution of 1 nm on doubly polished sections, using an AVASPEC-

ULS2048×16 spectrometer attached via a 400 μm ultraviolet (UV) optical fibre 

cable to a Zeiss Axiotron UV-microscope. The diameter of the circular measure 

aperture was 50 μm. A 75 W xenon arc lamp was used as light source and Zeiss 

Ultrafluar 10× lenses served as objective and condenser. A UV-quality Glan-

Thompson prism, with a working range from 40000 to 3704 cm was used as a 

polariser. Data in the near infrared (NIR) range (11000–5000 cm ) were obtained at 

a spectral resolution of 4 cm using a Bruker Vertex 70 spectrometer equipped with 

a halogen-lamp source and CaF beam-splitter, coupled to a Hyperion 2000 IR-

microscope equipped with a ZnSe wire-grid polariser and an InSb detector. The 

beam was collimated using an adjustable rectangular aperture with edges varying 
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from 50–80 μm. 

 

Determination of site populations 

The wt% of element oxides determined by EMPA were used to calculate the 

atomic fractions (atoms per formula unit, apfu). The B content was assumed to be 

stoichiometric (B = 3.00 apfu). Lithium was estimated using the procedure of 

Pesquera et al. (2016). The (OH) content was calculated by charge balance with the 

assumption (T + Y + Z) = 15.00 apfu and 31 anions. On the basis of the apfu, the site 

populations (see ‘Mineral formulae’ below) for each overgrowth and prismatic 

section of the two tourmaline crystal fragments were calculated following the site 

allocation of ions recommended by Henry et al. (2011). 

 

3.4.3 Results 

Composition  

Variations in composition for selected elements (in wt%) along crystal traverses 

are shown in Figure 3.16. Results reveal that each fragment is characterised by low 

Mn and Fe contents, except for the dark-coloured overgrowths (OGX, OGY, OGZ 

and OGR) where the MnO and FeO content increase sharply up to ⁓ 7 wt% and 1 

wt%, respectively. The initial part of fragment I contains a slight enrichment in 

MnO, starting from a value of ⁓ 2 wt% that progressively decreases below 0.3 

wt%, and then abruptly increases at beginning of the OGX overgrowth. The 

variation in content of selected elements (in wt%) along the overgrowths are given 

in Figure 3.17. Vanadium, Cr and Mg were always below detection limits (< 0.03 

wt%) in the samples investigated.  

Compositions for selected representative spots analysed as well as the average 

values of each overgrowth (Tables 3.5 and 3.6) and prismatic section (Tables 3.7 

and 3.8) of the two tourmaline crystal fragments are given in Tables 3.5-3.8.  
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Figure 3.17.  Compositional analysis of all the overgrowths (OGX, OGR, OGY and OGZ) 

observable in the tourmaline crystal fragments. Scale bar = 100 μm. 
 

 

Note that in the overgrowths the oxidation state of Fe was assumed to be +3 as 

indicated by the presence of Mn revealed by optical absorption spectroscopy 

(OAS), except for the OGR overgrowth, which contains Fe (see below).  

Compositional diagrams showing data from spot analysis relative to the prismatic 

section of fragment I and II, and the four different overgrowths are given in Figure 

3.18. 

 

Mineral formulae 

The resulting empirical formulae written in their ordered form, relative to average 

compositions of each overgrowth and prismatic section of the two fragments, as 

well as to selected representative spots, are reported in Table 3.9.  
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Figure 3.18.  Compositional diagrams based on EMPA data. Each point represents the 

result in apfu of a single spot analysis. The spot data for the different overgrowths (OGX, 

OGR, OGY and OGZ) and the prismatic sections of the two fragments (PS I and PS II) are 

distinguished by colred labels. A) X-site occupancy; B) Y-site occupancy; C) Plot of 2Li vs. 

(Fe+Mn); D) Plot of F vs. Na; E) Plot of Ca vs. Ti; F) Ternary plot of Na/(Na + X□) vs. 

Mn/(Mn + 2Li) vs. F. Arrows highlight the compositional evolution trend from the 

prismatic section to the overgrowth. Dashed circles highlight the different distribution of 

the points relating to the overgrowth at the antilogous pole (OGR) compared to the other 

overgrowths (OGX, OGY and OGZ).   
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All these compositions are consistent with a tourmaline belonging to the alkali-

group, subgroup 2 (Henry et al., 2011): they are Na-dominant at the X position of 

the general formula of tourmaline and hydroxy-dominant at W with (OH+F) > O 

and (OH) >> F, except for the OGR overgrowth and the prismatic section of 

fragment I, which are fluor-species as F > OH. 

All the studied compositions are ZAl- and Y(Al1.5Li1.5)-dominant, thus they are 

elbaitic, Na(Li1.5Al1.5)Al6Si6O18(BO3)3(OH)3(OH,F), from a nomenclature viewpoint 

(Henry et al., 2011). In particular, the overgrowths OGX, OGY and OGZ can be 

classified as Mnr-ich elbaite, whereas the overgrowth OGR is Mn-rich fluor-

elbaite. Regarding the prismatic sections, fragments I and II correspond to fluor-

elbaite and elbaite, respectively. 

 

Optical absorption spectroscopy 

Optical absorption spectra (E⊥c and E||c) recorded at selected spots within the 

differently colored overgrowths are reported in Figure 3.19. All the E⊥c-spectra of 

the OGX, OGY and OGZ overgrowths display a main absorption band centred at 

⁓18800 cm–1 and a weaker absorption band at ⁓22000 cm–1. The spectrum of the 

OGX overgrowth recorded at spot 1 reveals additional absorption bands at ⁓24500 

and ⁓9500 cm–1. In contrast, the E⊥c-spectrum recorded within the OGR 

overgrowth shows a different absorption pattern with two very broad bands at 

⁓30700 and ⁓22700 cm–1, and very weak bands at ⁓27000 and ⁓24500 cm–1. 

Additional relatively weak and broad bands occur in the NIR region at ⁓9000 and 

⁓14000 cm–1. All the spectra recorded in light polarized parallel to the 

crystallographic c-axis (E//c), show a weaker absorption and additional very sharp 

bands between 6700–7200 cm–1 in the NIR range ascribed to overtones of the 

fundamental (OH)-stretching modes. 
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Figure 3.19.  Optical absorption spectra of the dark coloured overgrowths polarised 

perpendicular (E⊥c) and parallel (E||c) to the c-axis direction of selected spots in the OGZ 

(A), OGY (B), OGX (C) and OGR (D) overgrowths. Optical microscopy images of the 

OGX, OGR, OGY and OGZ overgrowths. The location of spots used for OAS are 

indicated. Sample thickness: OGX = 820 μm; OGY = 902 μm; OGZ = 658 μm; OGR = 437 

μm. Scale bar = 1 mm.   

 
 

3.4.4 Discussion 

Composition analysis 

The four overgrowths (OGX, OGR, OGY and OGZ) of the two tourmaline crystal 

fragments are characterized by a dark color and a sudden increase in MnO, which 

rises up to 7 wt%. In contrast, the prismatic section of fragment I and II has a very 

low MnO content, with the exception of the initial part of fragment I (up to 2 wt%) 

(Fig. 3.16). Although the four overgrowths have similar composition, OGR has 

slightly more TiO2, CaO and F, which increases, respectively up to 0.40 wt%, 0.35 



77 
   

wt% and 1.2 wt% (Fig. 3.17; Tables 3.5, 3.6). It should be noted that the 

overgrowths OGX, OGY and OGZ were formed in the direction of the analogous 

pole, wherease the overgrowth OGR was formed at the antilogous pole of 

fragment II. Although the Mn increase at the overgrowths is confirming a 

significant chemical evolution, the mineralogical species remain elbaite and F-

elbaite. This compositional evolution trend is evident in the ternary plots of X- and 

Y-site occupancy (Fig. 3.18 A,B), where overgrowths are characterized by an 

enrichment in Na and Mn, respectively. The increase in Mn at the overgrowths is 

consistent with the substitution of Li and Al at the Y site.  A plot of content of 2Li 

vs. (Mn + Fe) at Y site (Fig. 3.18 C), confirms that the analysis points relating to the 

prismatic sections are close to an elbaite/F-elbaite composition. In contrast, data 

relating to the overgrowths are distributed along a trend line corresponding to a 

total or partial replacement of Li and Al with Mn/Fe. A plot of the content of F vs. 

Na (Fig. 3.18 D) confirms the Na enrichment that characterizes the overgrowths. 

Furthermore, in many graphs it is possible to observe a different distribution of 

the data relating to the overgrowth at the antilogous pole (OGR) compared to the 

other overgrowths (OGX, OGY and OGZ). This different trend is particularly 

evident in the Ca vs. Ti plot (Fig. 3.18 E), where most of the data points of the OGR 

overgrowth lie apart from the other ones. Interestingly, the data related to the 

different overgrowths follow a different compositional evolution trend in the 

ternary plot of Na/(Na + X□) vs. Mn/(Mn + 2Li) vs. F (Fig. 3.18 F). 

 

Comparison of the dark overgrowths 

The dark overgrowths were compared to ascertain if they were formed 

simultaneously in the same crystallization environment. As stated above, all 

overgrowths are characterized by a comparable chemical composition, which is 

consistent with their formation in the same environment. The antilogous 

overgrowth OGR compared to the analogous ones shows some differences in Ti, 

Ca and F content, as well as a smaller length (⁓500 μm for OGR, ⁓1000 μm for 
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OGX and OGZ, and ⁓700 μm for the lateral overgrowth OGY) (Fig. 3.17; Tables 

3.5, 3.6).  

Additional evidence supporting the formation of the four overgrowths in the same 

crystallization environment is provided by OAS data (Fig. 3.19). The overgrowth 

at the analogous poles (OGX, OGY and OGZ) share the same ⁓22000 and ⁓18800 

cm–1 absorption bands that can be assigned to Mn3+ d-d transitions (Reinitz and 

Rossman, 1988; Taran et al., 1993 ; Ertl et al., 2005; Bosi et al., 2021). The additional 

bands at ⁓9500 and ⁓24500 cm–1 observed in the spectrum recorded at spot 1 of the 

OGX overgrowth can be ascribed to a Mn3+ spin-allowed d-d transition and a Mn2+ 

spin-forbidden transition, respectively (Bosi et al., 2021). These assignments agree 

with the same purplish-red color of these overgrowths, mainly ascribed to the 

presence of Mn3+ as color-causing agent (Pezzotta and Laurs, 2011). On the basis of 

the intensity of the Mn3+ band at ⁓18800 cm–1 in the spectra perpendicular to the c-

axis of the analogous overgrowths OGX, OGY and OGZ (Fig. 3.19), and using the 

molar extinction coefficient suggested by Reinitz and Rossman (1988), the Mn2O3 

content in these overgrowths was calculated (Table 3.10). The top of the 

overgrowths OGX, OGY and OGZ are characterized by the same contents of 

Mn2O3 (1.3 wt%) with a Mn3+/Mntot-ratio ranging from 0.27 to 0.39. This 

observation, together with the similar composition, is consistent with overgrowths 

formed simultaneously in the crystallization environment. It should be noted that 

a second OAS analysis on the bottom part of the OGX overgrowth (spot 1), 

revealed a greater amount of Mn2O3 (2.93 wt%) and a higher Mn3+/Mntot-ratio. The 

presence of Mn3+ suggests an oxidizing environment during the crystallization of 

the overgrowths. 
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The optical absorption spectra of the OGR overgrowth revealed only the presence 

of very weak Mn2+ spin-forbidden bands (⁓27000 and ⁓24500 cm–1), in addition to 

strong and very broad bands at ⁓30700 and ⁓22700 cm–1, which are caused by 

Mn2+-Ti4+ and Fe2+-Ti4+ IVCT (Intervalence Charge Transfer) transitions, 

respectively (Rossman and Mattson, 1986; Taran et al., 1993). The two latter are 

consistent with compositional data, which revealed an increased amount of Ti in 
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the OGR overgrowth compared to the other ones. The broad and moderately 

intense bands in the NIR region at ⁓9000 and ⁓14000 cm–1, which are caused by 

spin-allowed transitions in Fe2+ (Mattson and Rossman, 1987) do not contribute to 

the color of the samples. The band assignments for the OGR overgrowth agree 

with its yellow-orange coloration due to the presence of Mn2+ and Mn2+-Ti4+ IVCT 

as color-causing agents (Rossman and Mattson, 1986; Laurs et al., 2007; Pezzotta 

and Laurs, 2011). Considering the comparable total MnO contents of all the dark-

colored overgrowths (about 4.5 wt%), and that OGZ, OGY and OGR belong to the 

same crystal fragment and therefore grew at the same time, the absence of Mn3+ d-

d transitions in the OGR spectra suggests a strong preferential incorporation of 

Mn2+ ions in the antilogous overgrowth, even in the presence of Mn3+ in the 

crystallization environment. A similar crystal-chemical behaviour is observed for 

Ti, Ca and F, which are preferentially incorporated at the antilogous pole (Fig. 

3.17; Table 3.5). As a result, the antilogous pole shows a different growth history, 

with a preferential incorporation of Ca, F and Ti, as well as a selective uptake of 

Mn2+ over Mn3+, leading to a different coloration and tourmaline species (fluor-

elbaite instead of elbaite, typical of the other overgrowths). This different 

behaviour is also evident in several compositional diagrams, where OGR data 

points occupy a different position in the plot compared to the other overgrowths 

spots (Fig. 3.18). 

The differences observed in the composition and spectroscopic analysis between 

the analogous and antilogous overgrowths can be related to differences in the 

growing process occurring at the two poles (surface energy, nucleation speed, 

piezo- and pyro-electrical properties) (e.g. Henry and Dutrow, 1992).   

The formation of the dark-colored overgrowths is likely the result of a pocket 

rupture. This event changed the chemical environment within the pocket, leading 

to a sudden increase in the availability of Mn in the geochemical system. Although 

the initial part of fragment I contains a slight enrichment in MnO (up to 2 wt%), 

this is related to the amount of Mn remaining available in the pegmatitic system 
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after the early crystallization of spessartine. The subsequent progressive decrease 

in MnO content in fragment I is the result of Mn depletion in the system due to 

tourmaline crystallization. Spessartine crystallization is recognized as an 

important mechanism for regulating the Mn content during the evolution of the 

pegmatite systems (Novak et al., 2000; Laurs et al., 2007) and, in Elba pegmatites, 

spessartine garnet represents the main competitor for Mn during the evolution of 

pegmatite system (Bosi et al., 2022a). Indeed, spessartine garnet in the Rosina 

pegmatite is present in the intermediate zone of the pegmatite, close to the 

miarolitic cavity (Fig. 3.15). 

The very limited amount of Fe in the OGR overgrowth, in addition to limited 

amounts in all the other overgrowths, led us to exclude that this may represent the 

root part of the crystal. Therefore, it is reasonable to assume that this dark 

termination was formed on a new growth surface as a consequence of a natural 

breakage event which the prismatic section of the crystal underwent. Observing 

the two crystal fragments and disregarding the dark-colored overgrowths, the 

shape of analogous termination of fragment I and the antilogous one of fragment 

II match perfectly. This demonstrates that they are two crystal fragments 

belonging to the same original tourmaline crystal which broke during pocket 

collapse and on which late-stage overgrowths (OGR and OGX) occurred.  

 

Comparison of the prismatic sections 

In support of the evidence that the fragments (I and II) were part of the same 

original crystal, the analytical data document a perfect continuity (Fig. 3.20). 

Disregarding the data points related to the OGX and OGR overgrowths, 

compositional analysis revealed no significant variations for the different oxide 

components between the two prismatic sections, as expected if they had been 

joined together (Fig. 3.20; Tables 3.7, 3.8). As consequence of the crystal breakage, 

OGX and OGR overgrowths have been formed on the new growth surfaces 

generated by the break.  
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Figure 3.20. Compositional analysis of the two prismatic sections close to OGX/OGR 

breakage. 

 

 

Genetic model for the dark-colored overgrowths 

Elba tourmalines are renowned all over the world for their characteristic dark 

terminations, which are due to the incorporation of elements, such as Fe and/or 

Mn during the latest stages of crystallization in miarolic cavities (Pezzotta, 2021). 

However, the mechanisms that led to the availability of these elements in the 

residual fluids have previously been unclear.  

Microstructural and paragenetic observations of the cavities in which tourmaline 

crystals with dark-colored overgrowths were formed, provide evidence that such 

pockets are characterized by: i) thin fractures penetrating from the cavity into the 

enclosing pegmatite; ii) leaching and corrosion of early-formed cavity-lining and 

cavity-coating Fe- and Mn-rich minerals crosscut by the fractures; iii) partial 

collapse of quartz and feldspar crystal aggregates and iv) the breakage of some 

tourmaline crystals as consequence of a partial pocket collapse (Bosi et al., 2022a; 

Altieri et al., 2022). These features are particularly evident in the Rosina pegmatite 

from which the tourmaline crystals originated (Fig. 3.15). The pocket rupture 

occurred during the formation of a series of fractures penetrating the surrounding 
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pegmatite, in which more primitive accessory minerals such as spessartine garnet 

and Fe-rich mica crystals were present (Fig. 3.15).  Highly-reactive late-stage cavity 

fluids penetrating the fractures, allowed the corrosion of the Fe- and Mn--rich 

minerals causing a sudden change in the chemical composition of the pocket 

crystallization environment. Etching of spessartine garnet by late-stage reactive 

fluids has aleady been reported by London (2006) and Felch et al. (2016), and 

similar evidence of corroded spessartine crystals occurs in the Rosina pegmatite 

(Figure 3.21). To account for the presence of Mn both in +2 and +3 redox states in 

the dark-colored overgrowths, corrosion and alteration phenomena likely 

occurred in a relatively oxidizing environment.  

 

 
Figure 3.21.  Examples of heavily fractured and partially corroded spessartine crystals 

(red arrows) “frozen” in quartz and feldspars in proximity of cavities of the Rosina 

pegmatite. Crystals up to 6 mm in diameter. Scale bar = 10 mm. 

 

The pocket rupture was responsible for the breakage of the crystal studied in this 

work, allowing for the formation of two new growth surfaces (OGX and OGR). In 

our model, OGZ represents the overgrowth at the termination of the original 

analogous pole of the crystal, whereas OGX and OGR correspond to the 

overgrowths formed at the new analogous and antilogous pole surfaces, 

respectively, as a result of the crystal breakage. The OGY overgrowth is related to 

a smaller lateral crystal breakage (Figure 3.22). 
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Figure 3.22.  Schematic representation of the history of growth of the tourmaline crystals 

investigated. A) Step 1: tourmaline crystal growth from light green to pale pink in the 

direction of the analogous pole (c- side). Step 2: breakage of the crystal as a result of the 

pocket rupture event followed by changes in the chemical composition of the 

crystallisation environment. Step 3: generation of late-stage dark-coloured overgrowths at 

the analogous (OGX, OGY, OGZ) and at the antilogous (OGR) poles in a Mn-rich 

environment. B) Image of the tourmaline crystals investigated. 

 

 

The crystal breakage strengthens the hypothesis that the cavity has undergone a 

mechanical destabilisation. Consequently, the studied tourmaline crystal 

fragments preserved important records not only in terms of compositional 

variations of the geochemical system, represented by the dark overgrowths, but 

also in the mechanical events, that is the crystal breakage.  

A comparison of the overgrowths at the analogous and antilogous poles provides 

evidence of a preferential incorporation of elements at these growth surfaces. In 

fact, the antilogous pole is characterized by a different growth rate and higher 

concentrations of Ca, F and Ti. The differential uptake of these elements at the 

analogous and antilogous pole have been described by Henry and Dutrow (1992) 

and van Hinsberg et al. (2006) as a result of combined effect of “lattice site 

morphology” on the different growth faces and dipolar surface charge related to 

systematic orientation of the ring of tetrahedra. Here we report a further 

preference at level of the ionic charge of the same element. OAS data show a 
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selective uptake of Mn2+ at the antilogous pole in the presence of a substantial 

amount of Mn3+ ions, which preferred the analogous one. This different uptake has 

never been reported before and could be related to a greater partition coefficient 

for Mn3+ at the analogous surface. The preferential uptake of Mn3+ ions by the 

analogous growing surfaces led to a decrease in the Mn3+/Mntot-ratio in the 

crystallizing fluids. A change in this ratio can be deduced by analyzing the OAS 

data of the more extended OGX overgrowth. In fact, OGX is characterized by a 

marked decrease in Mn3+ content along the growth direction, maintaining 

approximately the same MnOtot content. 

 

3.4.5 Conclusions 

The tourmaline crystal fragments analyzed in this work represent a key witness of 

the mechanical and compositional changes during the latest stages of cavity 

evolution as a consequence of a pocket rupture event. The comparison of the dark 

overgrowths formed on the direction of the analogous pole and the antilogous one 

in the same crystal, has provided new evidence on the different growing process 

occurring at the two poles involving Mn2+/Mn3+ ions. 

This work clearly correlates structural information (i.e., fracturing of the pocket 

and breakage of tourmaline crystals) to the late-stage tourmaline growth, and 

allowed us to define and propose a genetic model for the dark-colored 

overgrowths in Elba tourmaline crystals. 
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3.5 CASE STUDY 3 - Genetic model for the color anomalies at the 

termination of pegmatitic gem tourmaline crystals from Elba 

Island (Tyrrhenian Sea, ITALY) 

 

3.5.1 Introduction  

Elba tourmalines gained interest among mineral connoisseurs during the 19th 

century for the perfection of their crystal shape and the variety of colors displayed 

(Pezzotta, 2021). The most unusual and famous Elba tourmaline variety is 

represented by the “black cap” crystals (the so-called “Moor’s head” textural 

types), which are characterized by transparent yellow-green, olive-green, pink or 

colorless prismatic sections with sharp transitions to black color at the analogous 

terminations (Pezzotta, 2021). Such termination shows a wide range of 

morphological characteristics: it may occur as a narrow overgrowth with a sharp 

and lustrous pedion face ending the crystal (Fig. 3.23 A), or as a thick overgrowth 

with rough pyramidal faces characterized by a rather fibrous texture (Fig. 3.23 B) 

that, occasionally, can be composed of an aggregate of long parallel needles (Fig. 

3.23 C); all intermediate morphological cases are also present. 

 
Figure 3.23. A) Thin black overgrowth evidenced by a lustrous pedion face at the 

termination of a multicolored tourmaline crystal on matrix; B) Thick black overgrowth 

with rough pyramidal faces at the termination of a multicolored tourmaline crystal on 

matrix; C) Fibrous black overgrowth on a multicolored tourmaline crystal. All specimens 

are from Elba Island (Italy). Private collection. A. Miglioli photo. 
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However, in some pegmatitic veins the terminations of the tourmaline crystals are 

not simply black, but they are made up by multiple thin growth-zones of bluish, 

greenish, brownish or even purplish-to-reddish colors (Pezzotta, 2021; Bosi et al., 

2022a; Altieri et al., 2022, 2023). These dark-colored terminations can be generally 

ascribed as color anomalies. 

It is well known that tourmaline crystals are able to register the physicochemical 

changes in the crystallization environment during their growth (Hawthorne and 

Dirlam, 2011). Therefore, it is reasonable to assume that the color anomalies at the 

analogous termination observed in tourmaline crystals from Elba Island likely 

reflect processes that occurred in tourmaline-rich pegmatites during the latest 

stages of crystallization. Recently, Altieri et al. (2023) provided evidence that such 

processes in Elba Island pegmatites are the result of a more-or-less partial opening 

of the geochemical system, related to a pocket rupture event.  

The goal of this study is to describe through chemical and spectroscopic analyses 

the crystal zones characterized by such color anomalies in different tourmaline 

samples. The studied tourmaline crystals have been collected from several cavities 

found during some mining acrivity for mineral specimens, within four 

representative pegmatitic veins located in the area of the villages of San Piero and 

Sant’Ilario in Campo (Elba Island, Italy); each crystal has been selected for 

representing a dark overgrowth with a different color and crystal texture. The four 

pegmatitic veins from which the studied tourmaline crystals were collected belong 

to the second (the Rosina and the San Silvestro pegmatites) and the third group 

(the Federico and the Pastori pegmatites) of the Monte Capanne aplitic-pegmatitic 

veins classification system according to Pezzotta (2000) criteria (Fig. 3.24).  

Rosina and San Silvestro are two parallel aplite-pegmatite veins (approximately 5 

meters apart), with direction approximately North-South and a variable dipping 

to the West from 60° to 80°. Both veins are hosted by monzogranite in the San 

Piero in Campo locality and have been deeply mined in the past for mineral 

specimens (Pezzotta, 2021; Bosi et al., 2022a). Among the two bodies, the Rosina 
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pegmatite is by far the largest one and it is composed by a central section of about 

10 m long, up to 2 m thick, which has been mined down for about 6 meters. From 

this central section, a series of pegmatite strings extend along the emplacement 

direction in the monzogranite. During the mining activity, the Rosina vein 

revealed a quite large number of small to medium-large sized elongated or tabular 

pockets, up to a maximum of ⁓ 80 dm3 in volume. The body shows a complex and 

well-structured internal asymmetric zoning with a mostly aplitic-layered unit at 

the footwall. The pocket paragenesis ranges from primitive to highly evolved, 

with euhedral crystals of quartz and feldspars, together with lepidolite, gem-

tourmaline, beryl, petalite, pollucite and several other accessory minerals 

(Pezzotta, 2021). The axial core-miarolitic zone divides a medium-grained lower 

section enriched in albite with minor K-feldspar, quartz, spessartine garnet, 

patches of sekaninaite and tourmaline in graphic aggregates with quartz, from an 

upper coarse-grained section enriched in feldspar with minor albite, quartz, and 

graphic to comb-textured tourmaline. Thin radial fractures and phenomena of 

cavity collapse are evident around the larger pockets. The presence in the 

pegmatitic rock around the cavities of corroded and/or altered crystals and masses 

of “biotite”, sekaninaite, and spessartine garnet, more-or-less associated with 

extensive albitization of K-feldspar and locally a new generation of K-feldspar and 

quartz, suggest that a fluid circulation occurred during the latest stages of 

evolution of the vein (Orlandi and Pezzotta, 1996; Pezzotta, 2000; Bosi et al., 2022a; 

Altieri et al., 2023).  

The San Silvestro pegmatite is very similar to the Rosina pegmatite, but it is 

smaller, being the central productive section no more of 3.5 m long. In such central 

section a large, flat, irregularly oblate pocket of approximately 350 dm3 in volume 

(2.30 x 0.35 x 0.70 m) was discovered. A “pocket plane” divides the pegmatitic core 

into a lower and an upper unit, with structures and mineralogy similar to what 

has already been already described for the Rosina pegmatite. Around the “main 

pocket”, radial microfractures were present, more-or-less lined with tiny crystals 
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of quartz, albite and dark-yellow-green tourmaline. Along such fractures, a 

widespread alteration of biotite crystals and a significant albitization of the K-

feldspar were evident (Pezzotta, 2000; Altieri et al., 2022). 

 

 
 

Figure 3.24. Geologic map of the eastern border of Monte Capanne monzogranite pluton. 

The areas of occurrence of the gem-bearing pegmatites from which the studied tourmaline 

samples were collected are indicated the by different colored asterisks (modified after 

Pezzotta 2021). 

 

The Federico dyke and the Pastori dyke are both miarolitic and Li-bearing and are 

characterized by a simple asymmetric zoning. These dykes have a North-South 

direction, they are dipping to the West at about 70° to 80°, and they are hosted in 

the porphyritic monzogranite close to the contact with the country rocks of the 

thermometamorphic aureole, in the Sant’Ilario in Campo locality. Both dykes are 

7-8 meters long and they do not exceed the thickness of 25 centimeters. Miarolitic 

cavities are locally abundant. The cavity plane divides the veins in two different 

units, a mostly medium grained and albitic lower one, typically characterized by 
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tourmaline in comb texture, and a coarse grained upper one rich in K-feldspar 

crystals. Mineral assemblages and pocket paragenesis are similar to the highly 

evolved ones of the group II dykes above described. A remarkable mineral 

segregation is present in the cavities of such veins, with most of the K-feldspar 

crystals confined to the roof, and most of the albite and of the tourmaline, the 

petalite and the pollucite confined at the base. Two fracturing events can be 

distinguished in such veins and cavities: a first one which is very limited and it is 

associated with the formation of a dark overgrowth at the termination of the 

tourmaline crystals; and a local, second, more dramatic one which is associated 

with a deep late-stage corrosion of feldspars and tourmaline, and occasionally 

even quartz (Orlandi and Pezzotta, 1996; Pezzotta, 2000). 

Chemical and spectroscopic investigations, combined with microstructural and 

paragentic observations of the cavities in which the tourmaline crystals were 

collected, have been used to corroborate a general genetic model for the color 

anomalies in Elba tourmaline crystals, which represent an evolution and a better 

definition of a model already proposed in Bosi et al. (2022a) and Altieri et al. (2022, 

2023). 

The results obtained from this study represent a draft of a manuscript to be 

submitted to a peer-reviewed international journal. In this paper, the candidate is 

the first author and the main responsible for the analytical work, data 

interpretation, figures and tables production and the manuscript draft. 

 

3.5.2 Analytical methods  

The studied samples  

From the above mentioned four pegmatitic dykes, nine tourmaline samples 

collected in nine different miarolitic cavities were studied (Fig. 3.25 A-I and Table 

3.11). The sample selection criteria were based on the crystal features, choosing 

those samples that are better representative of the variety of the color anomalies at 

the termination of Elba tourmalines. Although the samples “Rosina 2” and “Violet 

Cap” were characterized in previously studies (Bosi et al., 2022a; Altieri et al., 
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2023), they were included in this work because they are representative of two 

typical color and texture types. 

 

 
 

 
Samples preparation  

All the tourmaline samples were glued to a glass-slide using epoxy resin, with 

their length parallel to the surface of the slide. A slice of each crystal was cut along 

the fastest growth direction (crystallographic c-axis) and subsequently ground and 

polished to produce a flat surface with a uniform thickness of 500 µm for electron 

microprobe analysis (EMPA). 

Based on quantitative chemical data obtained by EMPA, crystal fragments from 

zones of the colored overgrowths with significant Fe contents were extracted for 

Mössbauer spectroscopy analysis. Small amounts (1-2 mg) of the material were 

finely ground under acetone in an agate mortar, mixed with thermoplastic resin 

and then shaped to a millimetric-sized cylindrical absorber under mild heating.  
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Figure 3.25. The tourmaline samples analyzed for this work. A) Rosina 2: an olive-green to 

yellow-green tourmaline crystal characterized by a dark purplish-bluish-grey overgrowth 

at the analogous pole. Crystal 17 mm tall. Photo by F. Picciani; B) Testa Scura: a brownish 

to light green tourmaline crystal with a thick black overgrowth at the termination. 

Crystals up to 18 mm. Photo by M. Chinellato; C) Giganti storti: a pale pink tourmaline 

crystal with a thin violet termination. Crystal 30 mm across. Photo by P. Rustemeyer; D) 

Testa Rossa: a light green to pink tourmaline crystal characterized by a thin purplish-red 

overgrowth at the termination. Specimen 90 mm across. Photo by M. Lorenzoni; E) Testa 

Viola: a yellowish brown tourmaline crystal with a thick dark purple termination. Crystal 

70 mm across. Photo by M. Lorenzoni; F) Violet Cap: a light green to pink tourmaline 

crystal characterized by a purplish overgrowth at the termination. Specimen 70 mm 

across. Photo by F. Pezzotta; G) San Silvestro: a brownish tourmaline crystal with a thick 

black termination, 40 mm across. Photo by F. Pezzotta; H) Federico: multi-colored 

tourmaline crystal from green to light pink with a thick black overgrowth characterized 

by a fibrous texture. Crystal 30 mm tall. Photo by M. Chinellato; I) Pastori: a brownish to 

yellow-green tourmaline crystal with a black overgrowth composed by an arrangement of 

needles, 12 mm tall. Photo by M. Chinellato. 

 

Electron Microprobe analysis (EMPA) 

Compositional data were collected along a straight traverse parallel to the c-axis 

from the base to the termination of each crystal (Figure 3.26 A-I) with an average 

step size of 300 μm, using a CAMECA SX50 electron-microprobe (in WDS mode) 

at the “Istituto di Geologia Ambientale e Geoingegneria (Rome, Italy), CNR”. EMP 

analysis was done operating in wavelength-dispersion mode with an accelerating 

potential of 15 kV, a sample current of 15 nA and a beam diameter of 10 μm. A 

total of 334 spot analysis were collected (Federico: 24 spots; Giganti Storti: 34 
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spots; Pastori: 52 spots; Rosina 2: 31 spots; San Silvestro: 39 spots; Testa Rossa: 19 

spots; Testa Scura: 30 spots; Testa Viola: 22 spots; Violet Cap: 87 spots). Minerals 

and synthetic compounds were used as standards as follows: wollastonite (Si, Ca), 

magnetite (Fe), rhodonite (Mn), rutile (Ti), corundum (Al), karelianite (V), 

fluorphlogopite (F), periclase (Mg), jadeite (Na), orthoclase (K), sphalerite (Zn), 

metallic Cr and Cu. The PAP correction procedure for quantitative electron probe 

micro analysis was applied (Pouchou and Pichoir, 1991). Relative error on data 

was < 5% and detection limits < 0.03 wt%. 

 

Mössbauer spectroscopy (MS) 

The 57Fe Mössbauer spectra of the Fe-rich zones of the dark-colored overgrowths 

in Federico, Rosina 2, and San Silvestro samples were collected using a 

conventional spectrometer with 57Co source of 0.99 GBq (25 mCi) embedded in a 

Rh matrix at the Earth Sciences Department, Sapienza University of Rome (Italy). 

The spectra were collected in transmission mode, at room temperature and at 

velocities between –4 to + mm/s, and recorded in a multichannel analyzer with 512 

channels. The velocity was calibrated with a 25-μm thick α-iron foil. For Pastori 

sample, measurements were performed using a conventional spectrometer system 

equipped with a 10 mCi point source and operated in constant acceleration mode 

at the Swedish Museum of Natural History (Stockholm, Sweden). The absorber 

was mounted on strip tape and positioned close (<1 mm) to the tip of the point 

source. Data were collected at room temperature over the velocity range ±4.2 

mm/s and recorded in a multichannel analyzer with 1024 channels. The velocity 

was calibrated with an α-Fe foil. The obtained spectrum from Federico, Rosina 2 

and San Silvestro overgrowth was fitted to Lorentzian line-shapes using the 

RECOIL 1.04 fitting program (Lagarec and Rancourt, 1998), whereas that of Pastori 

using the MossA fitting program (Prescher et al., 2012) 

 

Determination of site populations  

The wt% of element oxides determined by EMPA was used to calculate the atomic 
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fractions (atoms per formula unit, apfu). The B content was assumed to be 

stoichiometric (B = 3.00 apfu). Lithium was calculated in accord with Pesquera et 

al. (2016). The (OH) content was calculated by charge balance with the assumption 

(T + Y + Z) = 15.00 apfu and 31 anions. Iron oxidation state of the Fe-rich zones of 

the dark-coloured overgrowths in Federico, Rosina 2, San Silvestro and Pastori 

samples was determined by MS. Based on the apfu, the site populations and the 

empirical formulae were calculated following the site allocation of ions 

recommended by Henry et al. (2011). 

 

3.5.3 Results   

Chemical composition 

On the basis of the compositional data and colour displayed, each sample has been 

divided in different zones relatively homogeneous in composition. For each zone, 

atoms per formula unit (apfu) were calculated and the relative empirical formula 

was assessed (Tables 3.12-3.22). Figures 3.26 (A-I) display the pattern of selected 

elements (as wt% oxides) determined along the considered traverse for each 

tourmaline sample.  
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Fig. 3.26A. EMP analysis of Rosina 2 sample along a straight traverse 

parallel to the c-axis (only selected oxides are reported). See Table 3.12 

for complete chemistry. 

 

 

Fig. 3.26B. EMP analysis of Testa Scura sample along a straight  

traverse parallel to the c-axis (only selected oxides are reported). See 

Table 3.13 for complete chemistry. 
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Fig. 3.26C. EMP analysis of Giganti storti sample along a straight 

traverse parallel to the c-axis (only selected oxides are reported). See  

Table 3.14 for complete chemistry.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.26D. EMP analysis of Testa Rossa sample along a straight traverse 

parallel to the c-axis (only selected oxides are reported). See Table 3.15 

for complete chemistry. 
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Fig. 3.26E. EMP analysis of Testa Viola sample along a straight 

traverse parallel to the c-axis (only selected oxides are reported). See 

Table 3.16 for complete chemistry. 

 

 

 

Fig. 3.26F. EMP analysis of Violet Cap sample along a straight traverse 

parallel to the c-axis (only selected oxides are reported). See Tables 3.17-

3-19 for complete chemistry. 
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Fig. 3.26G. EMP analysis of San Silvestro sample along a straight 

traverse parallel to the c-axis (only selected oxides are reported). See 

Table 3.20 for complete chemistry. 

 

 

 

 

Fig. 3.26H. EMP analysis of Federico sample along a straight traverse 

parallel to the c-axis (only selected oxides are reported). See Table 3.21 

for complete chemistry. 
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 Figure 3.26I. EMP analysis of Pastori sample along a straight 

traverse parallel to the c-axis (only selected oxides are reported). See 

Tables 3.22 for complete chemistry.
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In general, chemical analysis revealed that the termination of each crystal is 

characterized by a sudden increase in Mn and/or Fe that is responsible for the color 

variation at the analogous pole. As expected, in the tourmaline crystals with the most 

significant Mn and/or Fe increase at the termination (MnO > 5 wt% and FeO > 2 

wt%), the color variation is resulting more dramatic, and the species changes from an 

initial elbaite/fluor-elbaite, Na(Li1.5Al1.5)Al6Si6O18(BO3)3(OH)3(OH,F), to celleriite, 

◻(Mn2+
2Al)Al6(Si6O18)(BO3)3(OH)3(OH), foitite, ◻(Fe2+

2Al)Al6(Si6O18)(BO3)3(OH)3(OH) 

or schorl NaFe2+
3Al6(Si6O18)(BO3)3(OH)3(OH) at the crystal termination.  

Such chemical evolution is clear evident in Rosina 2, Testa Scura and San Silvestro 

samples (Fig. 3.26 A, B, G), where the increase in Mn over Fe led to the formation of 

celleriite. On the other hand, in Pastori and Federico samples, the increase in Fe over 

Mn led to the formation of foitite and schorl, respectively (Fig. 3.26 H, I). The 

identified species for the different zones relative to the prismatic section and the 

dark-colored termination of each tourmaline sample are summarized in Tables 3.12-

3.22. 

In most of the studied samples, the content in MnO and FeO at the dark-colored 

termination follows a rhythmic behaviour and, in some cases, this oscillatory pattern 

led to an alternation of either celleriite, ◻(Mn2+
2Al)Al6(Si6O18)(BO3)3(OH)3(OH), and 

rossmanite, ◻(Li2Al)Al6(Si6O18)(BO3)3(OH)3(OH), or celleriite and foitite, 

◻(Fe2+
2Al)Al6(Si6O18)(BO3)3(OH)3(OH), compositions (Fig. 3.27).  

In Figure 3.28 are summarized all compositional data that confirm an increase in Mn 

and/or Fe at the analogous termination, which is more evident in those samples 

wherein a chemical evolution occurred. 
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Figure 3.27. Variation in MnO and FeO (wt%) along a straight traverse parallel to the c-

axis of Rosina 2, San Silvestro and Testa Scura tourmaline crystals, from the upper section 

to the dark termination. The dashed line marks the transition between the upper section 

and the dark colored termination of the crystals. 

 

MS data and iron speciation 

Portions of the dark-colored overgrowths of Federico, Rosina 2, San Silvestro and 

Pastori samples, characterized by the highest Fe content, were subjected to MS 

analysis to evaluate the Fe redox state. The obtained spectra were deconvoluted 

using Lorentzian doublets and their hyperfine parameters were interpreted 

according with the model described in Andreozzi et al. (2008). The hyperfine 

parameters of MS doublets and the relative Fe oxidation state and site assignment 

for each sample analyzed are summarized in Table 3.23. The spectrum of Federico 

sample was accurately fitted with three doubles consistent with Fe2+ at the Y site. 

No indication of absorption due to Fe3+ was observed (Fig. 3.29A).  
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Figure 3.28. Compositional variations in typical tourmaline crystals from Elba pegmatites. 

The representative abundances of Fe, Mn, Mg, Na, Li (apfu) are reported for the prismatic 

sections and the dark colored terminations. Each point represents the result of a spot 

analysis (about 400). 

 

For San Silvestro and Pastori samples, a different model with four absorption 

doublets was adopted. The first three doublets of San Silvestro and Pastori 

samples were interpreted as Fe2+ at the Y site (Y1, Y2 and Y3). Differently, the 

fourth doublets of San Silvestro and Pastori samples are consistent with Fe3+ (5% 

and 4% of Fetot for San Silvestro and Pastori samples, respectively) (Fig. 3.29B,C).  

For Rosina 2 sample, Fe oxidation state and site assignment are similar to San 

Silvestro and Pastori samples, with most of Fe2+ at Y site (87% of Fetot) and a small 

amount of Fe3+ assigned at the Y site (4% of Fetot) (Bosi et al., 2022a). However, 

Rosina 2 sample is characterized by the presence of Fe2+ at the Z site (9% of Fetot), 

which could be explained by the preferential occupation of the Y site by Mn2+ 

respect to Fe2+ (e.g., Bosi, 2018). In fact, as above reported by EMPA, the FeO-rich 

portion of Rosina 2 dark-coloured overgrowth is characterised by the highest Mn 
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concentration (MnO ⁓ 9 wt%). Because the Fe3+/Fetot-ratio in all the tourmaline 

samples analysed is ≤ 0.05, very low oxidizing conditions during the late-stage of 

Federico, Rosina 2, San Silvestro and Pastori crystals growth can be hypothesized. 

 
Figure 3.29. Room temperature 57Fe Mössbauer spectra for the dark-colored overgrowths 

of Federico, San Silvestro and Pastori samples. For Federico and San Silvestro samples 

(A,B), experimental spectrum (exp) is represented by open circles, calculated spectrum 

(calc) by thick red curve. Lorentzian absorption doublets assigned to [6]Fe2+ are 

represented by thin green lines, whereas the absorption doublet assigned to [6]Fe3+ is 

represented by thin blues line. For Pastori sample (C), experimental spectrum (exp) is 
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represented by dots, calculated spectrum (calc) by thick red curve. Lorentzian absorption 

doublets assigned to [6]Fe2+ are represented by dark-green, light blue and light green 

colored areas. The neon-green colored area refers to the assignment of [6Fe3+.  

 

 

 

3.5.4 Discussion    

Overall, EMPA data revealed a sharp increase in Mn and/or Fe at the analogous 

termination of all analyzed samples, which is responsible at the same time for the 

color anomalies and for the chemical evolution, with in some samples relatively 

high changes (MnO > 5 wt% and FeO > 2 wt%). Such increase in Mn/Fe suggests 

that a sudden chemical variation in the crystallization environment, with a new 

supply in Fe/Mn during the latest stages of tourmaline growth, occurred.  

In the studied samples, the increase in Mn and Fe is consistent with the 

substitution of Li and Al at the Y site. However, this substitution can occur in 

different ways according to whether Mn and Fe totally or partially replace Li and 

Al. 

 



116 
   

Total substitution of Li and Al by Mn/Fe 

              
                              

            
   Equation 1 

           Partial substitution of Li and Al by Mn/Fe: 

              
                              

               Equation 2 

              
                              

               Equation 3 

To gain information about which kind of substitution occurred during the 

chemical evolution of the samples studied, the content of 2Li vs (Mn + Fe) at Y site, 

calculated for each spot analysis, was plotted. As shown in Figure 3.30, the left 

part of the graph is mainly occupied by data points corresponding to 

geochemically evolved species. Interestingly, compositional data are preferentially 

distributed along a trend line corresponding to a partial substitution with a total 

charge variation at Y site (Equation 2), indicating that this is the most favored type 

of substitution in the crystals from Elba Island. As this substitution determines a 

total charge variation, it needs to be balanced by the incorporation of a cation 

vacancy (□) replacing Na at the X site:  Na+ + (1.5Li + 0.5Al)Σ3+ ↔ □ + 2(Mn,Fe)Σ4+.  

 
Figure 3.30. Plot of the content of 2Li vs. (Mn+Fe) at the Y site for each spot analysis of the 

tourmaline samples studied. The three lines (dashed, dotted and full) represent different 

degree of substitution. Symbols with black border indicate the compositions relative to 

the dark terminations of the different samples. For Pastori sample the Mg content was 

also considered.  
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In support of this simplified mechanism, Na and OH occupations at X and W sites 

calculated for each data point, were plotted (Fig. 3.31). It can be observed that 

most of the data points corresponding to the evolved termination are 

characterized by a low content in Na at the X site and a higher content in OH at 

the W site. In fact, OH is structurally more compatible with a cation vacancy at the 

X site for electrostatic reason (Bosi, 2010; 2018).  

By analyzing the occupation at X, Y and W sites for the different data points of the 

studied samples (Fig. 3.32), a clear linear relationship in plotted data can be 

observed. This trend is consistent with the crystal-chemical evolution observed in 

most of the tourmalines analyzed, which follow a transition from an initial 

elbaite/fluor-elbaite composition to celleriite, foitite and schorl, that can be 

described by following general chemical substitution: 

         
     

              
      

   
    

             
  

 
      

   
   

 

 

Figure 3.31. Plot of the content of Na vs. WOH for each spot analysis of the tourmaline 

samples studied. Symbols with black border indicate the compositions relative to the dark 

terminations of the different samples. 
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Figure 3.32. Plot of the content of Na+(2Li)+F vs. X□+(Mn+Fe)+WOH for each spot analysis 

of the tourmaline samples studied. Symbols with black border indicate the compositions 

relative to the dark terminations of the different samples. For Pastori sample the Mg 

content was also considered. The arrow highlights the compositional evolution trend 

followed by the tourmaline samples investigated. 

 

Depending on the relative increase in Mn and Fe, and thus the dominant cation at 

Y site, different type of geochemically evolved species can occur at the termination 

of each sample. Rosina 2 and Testa Scura are characterized by a consistent Mn 

enrichment respect Fe at the analogous pole (MnO up to 12 wt%, FeO < 5 wt%), 

which result in a dark brownish-purplish termination of celleriite composition 

(Fig. 3.26 A,B). Additionally, a local decrease in Mn at the termination led to a 

rossmanite compostion in alternation with celleriite. The termination of San 

Silvestro is enriched in both Mn and Fe. This led to a cellerite composition when 

Mn is over Fe and foitite in the opposite condition (Fig. 3.26 G). Differently, in 

Federico and Pastori samples the Fe content is always much higher than Mn (FeO 

>10 wt%), leading to two different mineralogical species (Fig. 3.26 H,I). Indeed, the 

black termination of Federico is consistent with a schorl composition, which 

generally requires a complete substitution at Y site (Equation 1), differently from 
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the behaviour observed for all the other samples. However, the empirical chemical 

formula calculated, X(Na0.51□0.46K0.01Ca0.02)Σ1.00
Y(Al0.94Li0.14Mn2+

0.04Fe2+
1.87Ti0.01)Σ3.00 

ZAl6
TSi6.06B3O27

V(OH)3
W(OH0.39F0.18O0.43)Σ1.00, is barely enough to assign it as schorl. 

The increase in Fe content at the termination of Pastori leads to a foitite 

composition. A singular feature of this sample is that the increase in Fe is also 

accompanied by a significant increase in Mg and a simultaneously lack of Mn. A 

first sudden and temporary chemical variation, with FeO up to 10 wt%, is 

concentrated in a small region of the crystal (about 0.4 mm) where a rapid 

transition from fluor-elbaite to fluor-schorl to fluor-elbaite/elbite composition 

occurred. A further increase in FeO (up to 10 wt%) results in a color change from 

bright green to black (Fig. 3.26 I). The peculiar characteristic of this termination is 

the presence of Mg instead of Mn, related to a different chemical environment that 

led to Mg availability instead of Mn. The increase in Mg is concomitant with the 

transition from a schorl composition to foitite.  

In the other analyzed tourmaline samples (Testa Rossa, Testa Viola and Violet 

Cap), although they resulted characterized by an increase in Mn at the termination 

(MnO > 3 wt%), the chemical variations are not enough for a change in the name 

of the species, and thus the mineralogical species remains elbaite/F-elbaite (Fig. 

3.26 D-F).  

 

Genetic geochemical model for the colour anomalies of Elba tourmaline crystals 

Compositional data suggest that a sharp increase in Mn and/or Fe must have 

occurred in the latest stage of tourmaline crystal growth, leading to the formation 

of dark-colored overgrowths generally ascribed as color anomalies. The formation 

of such color anomalies is related to a sudden physicochemical change in the 

crystallization environment, here considered the consequence of an opening of the 

geochemical system related to the mechanic destabilization of the pocket in which 

tourmalines grew. Bosi et al. (2022a) and Altieri et al. (2022; 2023) already 

proposed a genetic model for some dark-colored overgrowths in Elba tourmaline 

crystals based on a pocket rupture event followed by leaching and corrosion 
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processes of the Fe- and Mn-rich cavity-lining minerals. In agreement with this 

model, all pockets from which the tourmaline samples were collected are 

characterized by thin radial fractures penetrating from the cavity into the 

enclosing pegmatite, suggesting fracturing of the pockets and, in some cases, 

phenomena of partial cavity collapse. Additionally, the occurrence of fractured 

and corroded primitive Fe- and Mn-rich minerals in proximity of the cavities is 

particularly evident (Altieri et al., 2023).  

Paragenetic observations of the cavities in which the tourmaline samples were 

collected reveal abundant petalite, pollucite and lepidolite. The occurrence of such 

mineral phases provides evidence that the initial steps of crystal growth occurred 

in pegmatite portions characterized by an advanced degree of geochemical 

evolution (Pezzotta 2000; 2021). At this stage, the pegmatitic melt appears to be 

depleted in Mn and Fe, as such elements were stored in the early-crystallized 

minerals, such as spessartine and biotite present in the pegmatitic rock 

surrounding the cavities. Therefore, tourmalines in the cavities initially 

crystallized as elbaite/F-elbaite. However, compositional analyses revealed a 

sudden increase in Fe and/or Mn at the analogous termination leading, in some 

cases, to the evolution from an initial elbaite/fluor-elbaite composition to celleriite, 

foitite or schorl. We ascribe this sudden chemical change to the pocket rupture 

event, likely related to a rigid mechanical shock to which the cavity underwent, 

caused, for instance, by a thermal contraction during pegmatite cooling, possibly 

coupled with residual tectonic stress along the border of the granodioritic pluton 

of Monte Capanne. In this scenario, the highly reactive late-stage cavity fluids 

were allowed to permeate the fractures in the pegmatitic rock surrounding the 

cavity where the early-crystallized minerals were formed (i.e., spessartine and 

biotite, and in some cases even sekaninaite). The hydrothermal alteration of such 

minerals through leaching and corrosion processes ascribed to the late-stage fluids 

connected with the cavities, led to the release of Fe/Mn in the pockets. Thus, the 

incorporation of Mn and Fe during the latest stages of crystallization, coupled 

with the presence of abundant B, was responsible for both the color anomalies 
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observed at the termination of the tourmaline crystals and for their chemical 

changes. In addition, the late-stage hydrothermal cavity fluids promoted OH 

incorporation at W site and the consequent loss of Na at X site, explaining the 

partial substitution at Y observed in the tourmaline samples during the latest stage 

of crystallization (Fig. 3.33). 

 

Figure 3.33. Schematic representation of the evolution of a miarolitic cavity in an Elba 

tourmaline-bearing pegmatite. 1) Early-stage of cavity evolution marked by the 

crystallization of primary schorl and spessartine garnet. 2) Growth of polychrome elbaite 

crystals with abundant lepidolite and petalite. The occurrence of these latter mineral 

phases, along with the presence of early-crystallized spessartine garnet, indicates that the 

initial steps of tourmaline crystals growth occurred in pegmatite portions characterized 

by an advanced degree of geochemical evolution. 3) Fracturing of the cavity as a 

consequence of a rigid mechanical shock. At the same time some tourmaline crystals 

underwent breakage. The pocket rupture event allowed the highly-reactive cavity-fluids 

to permeate the fractures in the enclosing pegmatite where the primitive accessory 

minerals were hosted. Leaching and corrosion of biotite and spessartine caused a sudden 
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increase in Fe and Mn availability in the pocket environment, and the consequent 

crystallization of the dark-colored overgrowths at the analogous poles and also at the 

antilogous poles of the broken tourmaline crystals. 

 

The case, previously reported in Altieri et al. (2023) of a tourmaline crystal found 

naturally broken in several fragments within a wide miarolitic cavity in the Rosina 

pegmatite, and characterized by dark-colored overgrowths at both analogous and 

antilogous poles, strengthens this genetic model, as it records a strict relationship 

between the crystal rupture and the dark-colored overgrowths. 

Based on variations in Mn and Fe observed at the termination of the analyzed 

tourmaline samples, and considering both the pegmatitic veins and the cavities in 

which tourmalines originated, some remarks can be made. Tourmaline samples 

from the Rosina pegmatite, which belong to group II, are characterized by the 

presence of Mn and low Fe contents at the termination. On the contrary, 

tourmalines from Federico and Pastori pegmatitic veins, which belong to group 

III, share very low Mn contents and high amount in Fe at the dark termination 

(Table 3.24).  

In the case of the celleriite-bearing pockets of Rosina (Polluciti cavity) and San 

Silvestro (Central cavity) pegmatites, the abundance of spessartine coupled with 

the relative scarcity of biotite and others Fe-rich minerals in the pegmatitic rock 

surrounding the cavities may account for a Mn-rich, Fe-poor source in the late-

stage cavity fluids. This was responsible for the crystallization of a brownish-

purplish overgrowth composed by celleriite in Rosina 2, Testa Scura and San 

Silvestro samples.  

In the case of the Giganti storti, Testa Rossa and Testa Viola samples, the miarolitic 

cavities in which they originated were subject to a less efficient late-stage fluid 

interaction with the early crystallized minerals in the surrounding pegmatite, 

which generated a late-stage tourmaline overgrowth characterized by a more 

limited Mn and/or Fe enrichment. As a result, the mineralogical species of these 

tourmaline samples remains elbaite/fluor-elbaite even at the purplish-to-reddish 

overgrowths. 
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On the basis of the color displayed by Mn-rich overgrowth, information on the 

redox environment can be obtained. Previously obtained optical absorption 

spectroscopy data, demonstrated that the purplish overgrowths, characterizing 

the analogous termination of the Violet Cap sample, are the result of Mn3+ d-d 

transitions and thus occurred in an oxidizing environment (Altieri et al., 2023). 

This suggests that a relative oxidizing environment characterizes the formation of 

all the other overgrowths displaying the same purplish-to-reddish colour (Giganti 

storti, Testa Rossa and Testa Viola). 

As a final remark, it should be point out that tourmalines grown in Polluciti and 

San Silvestro pockets are characterized by a rhythmic behavior of Mn and Fe at the 
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crystal termination, leading to an alternation of different mineralogical species. 

Such compositional oscillatory zoning is assessed to variations in composition (X), 

temperature (T) and pressure (P) of the crystallizing fluid by Lussier and 

Hawthorne (2011). In the specific case of Rosina 2, Testa Scura and San Silvestro 

samples, the apparent non-random distribution of the compositional zone 

suggests that above variations could be the result of changes in the diffusion rate 

of Mn and Fe, released by corrosion and alteration phenomena of the earlier 

crystallized Mn/Fe-rich minerals, at the crystal-melt interface. 

The black overgrowth composed of foitite and schorl observed in Pastori and 

Federico samples, respectively, was produced by significant Fe enrichment in the 

geochemical system, caused by the hydrothermal alteration of the biotite occurring 

in the monzogranite which is hosting the narrow veins. The lack of early 

crystallized Mn-rich minerals (spessartine, for instance) in such pegmatitic dykes 

is accounting for the very low Mn content in the overgrowths of Pastori and 

Federico samples. The termination of Federico sample is characterized by a sharp 

transition from colorless to black with a huge increase in Fe up to 13 wt%. This 

suggests an intense fracturing of the pocket, which associated to the leaching of 

biotite, allowed the release and the availability of large amounts of Fe in the 

system. Differently, chemical data suggest that the pocket in which Pastori sample 

grew have suffered two successive destabilization events, as supported by 

structural evidences. A first minor event was responsible for a sudden but limited 

increase in Fe availability leading to the formation of the narrow fluor-schorl zone. 

Successive and more intense fracturing phenomena led to a new increase in the 

availability of Fe, allowing for the formation of the foitite termination. 

Additionally, the termination of Pastori sample is characterized by an increased 

amount in Mg linked to the hydrothermal alteration of Mg-rich minerals. In this 

case the biotite from porphyritic monzogranite in which the Pastori vein is hosted 

is much richer in Mg than the biotite occurring in the Rosina and the San Sivestro 

pegmatites. 
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3.5.5 Conclusions 

In this work we strengthen the previously proposed genetic model for the dark-

colored overgrowths in Elba tourmaline crystals (Altieri et al., 2023). Based on the 

size of the cavity, the extent of the fracturing phenomena and the consequent 

leaching processes, as well as the relative abundance of different primitive 

minerals in the enclosing pegmatite (such as biotite and spessartine), the chemical 

composition of the residual cavity fluids underwent a variation in concentration of 

Fe and Mn. This can result in a simple color change up to a chemical evolution 

from an initial elbaite/fluor-elbaite composition to foitite, celleriite or schorl at the 

termination of the tourmaline crystals. For instance, the “blue-cap” tourmalines, 

found in small cavities within the San Silvestro and Fucili veins, are characterized 

by a bluish growth zone in the upper part of the crystal, slightly richer in Fe2+ 

(Altieri et al., 2022). The slight enrichment in Fe is consistent with a partial 

opening of the cavity system associated with a minor fracturing phenomenon. 

Moreover, the presence of Fe only in the divalent state suggests persisting 

reducing conditions in the pocket environment (Altieri et al., 2022). On the 

contrary, in the cavities of the “dark cap” crystals (such as Rosina 2, Testa Scura 

and San Silvestro samples) more extensive fracturing phenomena associated with 

the presence of abundant Fe/Mn-rich cavity-lining minerals, allowed the release of 

high amounts of Fe/Mn to the residual cavity fluids. In these conditions, a 

chemical evolution at the analogous termination of the tourmaline crystals 

occurred. Depending on the prevalence of Mn or Fe, the overgrowths can result in 

celleriite, foitite or schorl composition.  

A similar scenario occurred in the cavity of Rosina pegmatite where the Violet Cap 

sample, characterized by late-stage Mn-rich dark-colored overgrowths, 

respectively purplish-red at the analogous pole (Mn3+ dependent), and yellow–

orange at the antilogous one (Mn2+ dependent), was collected (Altieri et al., 2023). 

In this case, the partial collapse of the cavity caused not only an intense leaching 

and corrosion of the primitive Mn-rich minerals in enclosing pegmatite, but also 

the breakage in several fragments of some tourmaline crystals, allowing for the 
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formation of new growth surfaces in the direction of the analogous and the 

antilogous poles. Although the Mn increase at the overgrowths confirmed a 

significant chemical evolution, the mineralogical species remain elbaite/fluor-

elbaite. The presence of Mn of both in the redox state +3 and +2 suggests that 

corrosion and alteration phenomena occurred in a relatively oxidizing 

environment (Altieri et al., 2023). In the case of late-stage fracturing of narrow 

dykes (such as the Federico and the Pastori dykes), pocket fluids interacted with 

Fe and Mg-rich minerals occurring in the host rock, producing a sudden and more 

massive contamination of the geochemical environment of the cavities, resulting in 

the formation of a thick black tourmaline overgrowth, rich in iron and, 

occasionally even magnesium. 

The results obtained in this work, as well as previously published data, improved 

the knowledge on the opening of geochemical systems in which tourmaline 

crystallized, and allowed the definition of a genetic model for the formation of the 

color anomalies in Elba tourmaline crystals. This model could probably be 

exported to explain late-stage color and composition anomalies of gem tourmaline 

crystals of many other gem-pegmatite deposits in the world. 
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4. MOZAMBIQUE – Chemical and spectroscopic characterization 

of gem-quality tourmalines from the Alto Ligonha pegmatite 

district (Mavuco locality, NE Mozambique)  

 

4.1 Introduction 

Tourmaline crystals from the Alto Ligonha pegmatite district, in NE Mozambique, 

are among the most renowned gemstones for the combination of color, durability 

and rarity. These features make them unique from a gemological viewpoint and 

therefore with a high commercial value, limiting the information regarding their 

crystal-chemical characteristics. For example, few data are available on the 

chemical composition and, in particular, studies relating the chemical composition 

of tourmalines to their color are lacking. To fill this gap, several tourmaline 

samples from the secondary deposit of Mavuco, in the eastern portion of the Alto 

Ligonha pegmatite district (Nampula Province, NE Mozambique), were studied 

(Fig. 4.1).  

These tourmaline samples were provided by ongoing mining projects, and were 

subjected to an in-depth analysis. Specifically, a detailed chemical 

characterization, as well as a correlation study between compositional data and 

color displayed, was conducted. In addition, on selected samples with particular 

chromatic features, optical absorption spectroscopy analyses were performed. For 

all the tourmaline samples analyzed, the gemological variety, according to the 

color displayed, was identified. 

Some of the tourmaline crystals from the secondary deposit of Mavuco are 

characterized by a prismatic dark-colored overgrowth, which genetic mechanisms 

have not already been defined as the pegmatitic source from which these 

tourmalines originated was still uncertain. This uncertainty was essentially due to 

the strong NYF (Niobium-Yttrium-Fluorine) geochemical affinity (Li- and B-poor 

composition) of the Alto Ligonha pegmatites found quite close the secondary 

deposit of Mavuco, as well as the rudimentary excavation techniques, which did 

not allow the exploration of new pegmatitic deposits in the Alto Ligonha district.  
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Figure 4.1. Cu-bearing tourmalines are found in northeastern Mozambique, in Nampula 

Province, near the village of Mavuco. From Nampula, Mavuco can be reached via 

Murrupula (from Laurs et al. 2008). 

 

To gain information about the pegmatitic sources of the detrital samples of the 

Mavuco area and the processes that led to the formation of the observed dark-

colored overgrowths, selected tourmaline crystals from a recently discovered 

pegmatitic field, the so-called “Marina” pegmatite, were analyzed. The “Marina” 

pegmatite was hypothesized to be a source of the detrital tourmaline grains of the 

Mavuco area, given its proximity to the secondary deposit, and its LCT 

geochemical signature.  

Studies on tourmaline crystals from the “Marina” pegmatite were carried out to 

confirm the above hypothesis, through the comparison of the compositional data 

obtained from such tourmaline crystals, with those obtained from the detrital 
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tourmalines of the secondary deposit of Mavuco. The same studies allowed obtain 

detailed information on the genesis of the prismatic dark-colored overgrowths, 

which also characterize some of the detrital tourmalines 

 

4.2 Geological setting  

4.2.1 Summary of the geological frame in the Mavuco area (NE Mozambique) 

The basement rocks in the Mavuco area (NE Mozambique), constitute part of the 

Mozambique Belt (1100–800 Ma), which extends from the Mediterranean Sea 

down to central Mozambique (Lächelt, 2004). The Mozambique belt covers a large 

area from Mozambique through Tanzania and Kenya, and is extremely rich in 

gems and minerals (Bettencourt Dias and Wilson, 2000). In the northeastern 

Mozambique, the basement consists mostly of strongly metamorphosed gneisses 

(migmatites) that were deformed during the Pan-African tectonic event (800-550 

Ma). During the period 600-400 Ma, such rocks were intruded by granitoid masses 

and rare-element granite pegmatite rocks, which currently constitute the 

Pegmatitic District of Alto Ligonha (Pinna et al., 1993; Lächelt, 2004; Fig. 4.2). The 

Alto Ligonha pegmatitic district covers an area of approximately 200 km2 (Laurs et 

al., 2008) and, since the 1930s, it is well known for producing superb gem material 

such as specimens of tourmaline, beryl and topaz hosted in miarolitic cavities. 

Additionally, the Alto Ligonha pegmatitic rocks have been mined for a variety of 

raw materials including rare metals (Li, Be, Nb and Ta) and industrial minerals 

such as quartz, mica, feldspar and clay. (Bettencourt Dias and Wilson, 2000; 

Lächelt, 2004). 

The Mavuco area is tropically weathered and mostly covered by deep lateritic soil 

thanks to its tropical humid climate.   
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Figure 4.2. The area where the Cu-bearing tourmalines are found lies on the eastern side 

of the Alto Ligonha pegmatite district. This geologic sketch map shows the principal 

tectonic-geologic units: (1) rift of the East African Rift System; (2) Mesozoic and Cenozoic 

sedimentary rocks; (3) pegmatite fields; (4) Pan-African intrusions; (5) Mozambican areas, 

part of the Mozambique Belt and mostly remetamorphosed during the Pan-African 

tectonic event. Modified after Lächelt (2004) (from Laurs et al. 2008). 

 
4.2.2 Lithological characteristics of the secondary deposit of Mavuco 

The mining area of the Mavuco locality consists of an alluvial deposit of 

approximately 3 km2. In this secondary deposit, tourmalines can be found as 

waterworn grains of subangular to subrounded shapes, along with fine- to 

medium-sized gravels of 0.2-30 mm, quartz and rare feldspar. The tourmaline-

bearing gravel layer, called kamada in local language, has a thickness ranging from 

a few centimeters to 1 meter. The kamada layer rests on top of an altered biotite 

gneiss bedrock, and is covered by a red-brown to black bauxitic horizon, called 

cororò. The bauxite varies in thickness from approximately 0.5 m to typically 3-5 m, 

and its color is due to the weathering of the iron-bearing materials (Laurs et al. 

2008) (Fig. 4.3). 

Because the gravels are clast-supported and dominated by subangular clasts (> 

90% of the whole sediment), the sedimentology and internal architecture of the 

tourmaline-bearing layer suggest a braided fluvial depositional environment. 
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Specifically, the event that favored the formation of this alluvial deposit, which is 

most likely composed of residual material derived from the granitic pegmatites of 

the Alto Ligonha district, is a fluvial transport characterized by energetically high 

hydrodynamic conditions during rainy seasons. This is consistent with the climate 

of Mavuco that is tropical humid with an average rainfall of 250-260 mm in 

January-February. In this period, the tourmaline-bearing sediments from the Alto 

Ligonha pegmatites were eroded and transported by the season streams through 

spasmodic flash floods downhill to the Mavuco area where were deposited (Slater, 

2006; Laurs, 2008).  

 
Figure 4.3. A) Cross-section of the geology of the secondary deposit of Mavuco. Photo by 

F. Pezzotta. The tourmalines are found in a light reddish brown quartz-rich gravel layer 

on top of a light tan weathered bedrock, and underneath a top layer of red-brown clayey 

soil. B) The tourmaline-bearing layer is a clast-supported gravel. Many of the clasts are 

angular, such as the larger (5 cm) quartz pebble toward the right in this image. Photo by J. 

C. Zwaan. C) The gravel layer can be found between 0.5 m and 5 m below the surface in 

the Mavuco area. The thickness of the tourmaline-bearing gravel layer is indicated by the 

men in the image B. Photo by J. C. Zwaan. 

 

4.2.3 The Alto Ligonha pegmatitic district 

Alto Ligonha Pegmatite Province 

The Pan African rare-element pegmatites of the Alto Ligonha Pegmatite Province 

of northern Mozambique, are famous for their gemstones, industrial minerals and 

rare metals (REE, Be, Nb–Ta, Li, U–Th). Pegmatites of the Alto Ligonha district are 

characterized by a LCT geochemical signature with a variable NYF affinity, and 

are sourced from late- to post-orogenic subaluminous to peraluminous A-type 
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granites of Pan-African age (Cronwright, 2005; Melcher et al., 2015). The Alto 

Ligonha pegmatites can be subdivided into four groups of economically important 

rare-element pegmatites: 1) Sodic; 2) Potassic with beryl and columbotantalite; 3) 

Potassic rich in uranium, thorium and rare-earth bearing minerals; 4) Amazonite-

bearing and tourmaline-bearing pegmatite. These pegmatites were dated at 

between 481-440 Ma, thereby post-dating the intrusion of the late undeformed Pan 

African granites (⁓521-495 Ma) (Cronwright, 2005).  

The sodic pegmatites (also referred to as “sodalithic” due to the occurrence of 

plagioclase and lithium minerals in these rocks), are usually well zoned and 

contain beryl, tourmaline, lepidolite, spodumene, and a variety of accessory 

minerals. These pegmatites constitute the most important group and occur mainly 

in amphibole schists, amphibolites and mica schists. They correspond to the 

complex spodumene and lepidolite–albite–spodumene types of the LCT family 

of Černý (1991). 

The potassic pegmatites (beryl-columbite subtype, LCT family) are characterized 

by beryl, minor polycrase–euxenite, monazite, ilmenite and bismuthite. 

The potassic pegmatites with metamict U, Th and REE minerals show attributes 

of both the LCT and NYF families. 

Lastly, the amazonite-bearing and tourmaline-bearing pegmatites have similar 

degrees of fractionation to the sodalithic and potassic pegmatites respectively 

(Cronwright, 2005 and Melcher et al., 2015).  

 

The “Marina” pegmatite: a possible source of the detrital tourmalines from the 

secondary deposit of Mavuco 

The Mavuco area is probably the world’s largest known alluvial deposit of Cu-

bearing Paraiba-type tourmalines (Laurs et al., 2008). Mavuco actually produces 

tourmalines with a wide range of colors, typically purple, violet to blue, blue to 

green, and green to yellowish green (Fig. 4.4). Among them, tourmalines with 

bright blue-to-green hues are the most sought after in the gem market, as they 

closely resemble the renowned and appreciated tourmalines from Brazil’s Paraíba 
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State. The Paraiba variety is very uncommon and represents only 10% of the rough 

tourmaline mined from the Mavuco area (Laurs et al., 2008). 

 
Figure 4.4. Cu-bearing tourmalines found as waterworn pebbles of different coloration in 

the secondary deposit of Mavuco. Photo by F. Pezzotta. 

 

Several hypotheses were put forward about the origin of the Cu-bearing 

tourmalines from the Mavuco area. The presence of Cu in these tourmalines 

suggested that the primary deposit from which they originated, must have the 

same chemical signature. However, until 2016, all granitic pegmatites mined in the 

Pegmatitic District of the Alto Ligonha, close to the Mavuco alluvial deposit, 

resulted Cu-free, also with a significant NYF affinity. Recently, thanks to the 

improved excavation techniques and the effort of the Mozambique-Gems 

Company, owner of the mining license in the Alto Ligonha pegmatite district, it 

was possible to discover a new primary deposit, the so-called “Marina” granitic 

pegmatite, which identification was hindered by the rudimentary excavation 

techniques. This pegmatite, which got its name for surface occurrences of gem 

crystals of beryl variety aquamarine, is a relatively large body (Fig. 4.5). At the 

surface it is more than 140 m long and 15 m thick, and it is hosted in meta-

amphibolites. The “Marina” pegmatite represents the first discovered primary 

deposit of the Alto Ligonha pegmatite district close to the secondary deposit of 

Mavuco, in which Cu-bearing tourmalines were found. For this reason, it can be 

hypothesized that the detrital tourmalines hosted in the kamada layer of the 

alluvial deposit of Mavuco, were originated from tourmaline crystals grown 

within miarolitic cavities of the “Marina” pegmatite, as source of the residual 

material.   
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Figure 4.5. Vew of the “Marina” pegmatite, hosted in anfibolite rock, in Mavuco, Alto 

Ligonha, Mozambique. Photo by F. Pezzotta. 

 

4.3 Analytical Methods 

4.3.1 Samples description  

Sixteen selected tourmaline samples from the secondary deposit of Mavuco, 

located in the Pegmatitic District of Alto Ligonha, were studied (Fig. 4.6). The 

samples collected were found as waterworn grains with a sub-angular to sub-

rounded shape. Most of them show a dark-colored prismatic overgrowth that 

surrounds completely, or in part, a multicolored core ranging from blue, green, 

yellow to purple-red, even within the same crystal. All samples analyzed are 

representative of a crystal section perpendicular to the c-axis.  

In addition, a multicolored tourmaline crystal from the “Marina” pegmatite, a 

recently discovered primary deposit in the Alto Ligona district from which the 

detrital tourmalines of the Mavuco locality are supposed to derive, was analyzed 

(Fig. 4.7). 
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Figure 4.6. The tourmaline grains analyzed for this study. A) MAV 1; B) MAV 2; C) MAV 

3; D) MAV 4; E); MAV 5; F) MAV 6; G) MAV 7; H) MAV 8; I) MAV 10; J) MAV 11; K) 

MAV 12; L) MAV 13; M) MAV 14; N) MAV 15; O) MAV 17; P) MAV 18. 

 

Here is reported a brief description of the tourmaline samples analyzed in this 

study, as well as their appearance and weight: 

MAV 1: Eye-shaped dark colored fragment corresponding to the core of a 

tourmaline crystal. Weight: 1.05 gr (Fig. 4.6 A). 

MAV 2: Fragment of a dark tourmaline core. The crystal shows portions of 

weathering alteration. Weight: 5.65 gr (Fig. 4.6 B).  

MAV 3: Polychrome tourmaline grain characterized by a purplish core and a dark 

green rim. Weight: 11.69 gr (Fig. 4.6 C). 

MAV 4: Polychrome tourmaline grain with a greenish core. Weight: 21.45 gr (Fig. 

4.6 D).  

MAV 5: Tourmaline grain with a blue core. Weight: 12.61 gr (Fig. 4.6 E). 
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MAV 6: Polychrome tourmaline grain of 12.75 gr. The crystal is characterized by a 

black core, an intermediate polychromatic zone and a dark-colored rim (Fig. 4.6 F). 

MAV 7: Polychrome tourmaline grain of 9.48 gr. The crystal displays a brownish 

core, an intermediate polychromatic zone and a black rim (Fig. 4.6 G). 

MAV 8: Prismatic section of a tourmaline crystal with a black overgrowth 

surrounding a polychromatic core. Weight: 4.18 gr (Fig. 4.6 H). 

MAV 10: Prismatic section of a tourmaline crystal with a black overgrowth 

surrounding a green core. Weight: 2.00 gr (Fig. 4.6 I). 

MAV 11: Tourmaline grain of 4.69 gr with a yellow zone surrounded by two dark-

colored zones (Fig. 4.6 J). 

MAV 12:  Fragment of a yellow tourmaline core. Weight: 0.63 gr (Fig. 4.6 K). 

MAV 13: Fragment of a pink-reddish tourmaline core. Weight: 0.54 gr (Fig. 4.6 L). 

MAV 14: Polychrome tourmaline grain of 1.01 gr. The crystal is characterized by a 

bluish to pink-reddish core and a black rim (Fig. 4.6 M). 

MAV 15: Fragment of a greenish tourmaline core. Weight: 3.81 gr (Fig. 4.6 N). 

MAV 17: Polychrome tourmaline grain of 3.61 gr. The crystal displays a bluish to 

greenish core and a wide black rim (Fig. 4.6 O). 

MAV 18: Prismatic section of a tourmaline crystal with a black overgrowth 

surrounding a pink-reddish core. Weight 1.13 gr (Fig. 4.6 P). 

MAV 21: Multicolored tourmaline crystal with a dark-colored overgrowth at the 

analogous termination, characterized by several zones of brownish, yellowish, 

green and pink-reddish colors. A couple of bluish-green thin growth-sectors are 

observable in the upper part of the crystal (Fig. 4.7).  
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Figure 4.7. MAV 21 sample from the “Marina” pegmatite, Alto Ligonha, Mavuco, 

Mozambique. A) The crystal under polarized light reveals its polychromatic nature. B) 

Crystal at natural light illumination. Specimen 30 mm across. Photo by F. Pezzotta. 

 

4.3.2 Samples preparation 

All the detrital tourmaline samples were glued to a glass-slide using epoxy resin. 

A slice of each sample was cut perpendicular to the c-axis and subsequently 

ground and polished to produce a flat surface with a uniform thickness of 500 μm 

for electron microprobe analysis (EMPA). The different colorations assumed by 

the core and the dark overgrowths, when present, can be better distinguished once 

thin section for each detrital sample was realized. 

The sample from the “Marina” pegmatite, in which the base and the termination 

of the crystal can be recognized, was glued to the glass-slide with its length 

parallel to the surface of the slide. A slice of this tourmaline sample was cut along 

the growth direction (crystallographic c-axis) and subsequently ground and 

polished to produce a flat surface with a uniform thickness of 500 µm for electron 

microprobe analysis (EMPA). 

Compositional analyses were carried out in order to reveal the chemical 

composition of the tourmaline samples studied, define their mineralogical species 

and verify the occurrence of any chemical evolution at the dark-colored 

overgrowth.  

The gemological variety that characterizes the core zone of the detrital tourmalines 

was identified according to the color displayed and the relative chemical 
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composition. Moreover, to get information on the causes of color, optical 

absorption spectroscopy analyses (OAS) were performed on selected tourmaline 

grains.  

 

4.3.3 Electron-microprobe analysis (EMPA) 

Compositional data of all the detrital samples were collected along a straight 

traverse perpendicular to the c-axis with an average step size of 300 μm, using a 

CAMECA SX50 electron-microprobe at the Istituto di Geologia Ambientale e 

Geoingegneria (CNR of Rome, Italy). The traverse analyzed in each sample 

included, when occurring, all the dark-colored overgrowths. The segment of the 

traverse crossing the core of the crystal was labeled as “C”, while that crossing the 

overgrowth was labeled “OG”.  In the presence of dark-colored overgrowths at 

both side of the traverse, they were differentiated as left (OGL) and right (OGR) 

overgrowths. A total of 501 spot analyses were obtained. EMP analyses were done 

operating in wavelength-dispersion mode with an accelerating potential of 15 kV, 

a sample current of 15 nA and a beam diameter of 10 μm. Minerals and synthetic 

compounds were used as primary standards: wollastonite (Si, Ca), magnetite (Fe), 

rutile (Ti), corundum (Al), karelianite (V), fluorphlogopite (F), periclase (Mg), 

jadeite (Na), orthoclase (K), rhodonite (Mn), metallic Cr, Cu and Zn. The PAP 

correction procedure for quantitative electron probe micro analysis was applied 

(Pouchou and Pichoir, 1991). Relative error on data was < 5% and detection limits 

< 0.03 wt%.  

Compositional data of MAV 21 sample was collected along a straight traverse 

parallel to the c-axis with an average step size of 300 μm, using a CAMECA SX50 

electron-microprobe as above described for the detrital samples. On the basisi of 

chemical homogeneity, the sample was divided in different zones. A total of 90 

spot analyses were obtained. 

 

4.3.4 Optical absorption spectroscopy (OAS) 

Polarised room temperature optical absorption spectra of MAV 5, MAV 6 and 
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MAV 10 core regions in the range of 30000–9000 cm–1 (286–1111 nm) were obtained 

at a spectral resolution of 1 nm on doubly polished sections, using an AVASPEC-

ULS2048×16 spectrometer attached via a 400 μm ultraviolet (UV) optical fibre 

cable to a Zeiss Axiotron UV-microscope. The diameter of the circular measure 

aperture was 50 μm. A 75 W Xenon arc lamp was used as light source and Zeiss 

Ultrafluar 10× lenses served as objective and condenser. An UV-quality Glan-

Thompson prism, with a working range from 40000 to 3704 cm–1 was used as a 

polariser. The beam was collimated using an adjustable rectangular aperture with 

edges varying from 50–80 μm. 

 

4.3.5 Determination of atomic fractions 

The wt% of element oxides determined by EMPA was used to calculate the atomic 

fractions (apfu). The B3+ content was assumed to be stoichiometric (B = 3.00 apfu). 

Lithium was calculated in accord with Pesquera et al. (2016). All Fe and Mn were 

assumed to be in the reduced state +2. The (OH) content and the apfu 

werecalculated by charge balance with the assumption (T + Y + Z) = 15.00 apfu and 

31 anions.  

 

4.4 Results and Discussion 

4.4.1 Tourmaline samples from the secondary deposit of Mavuco 

Chemical composition of the Mavuco tourmaline grains 

Based on the overall appearance, the samples can be classified in two types: grains 

characterized by a prismatic dark-colored overgrowth, which, in some cases, 

surrounds the whole crystal, and grains with no overgrowth and mostly 

homogeneous in color. 

It is possible to hypothesize that the original tourmaline crystals from which the 

analyzed grains derived, were characterized by a dark-colored overgrowth at the 

crystal termination that developed all over the tourmaline surfaces, including the 

prism faces. For this reason the chemical analysis for each sample was conducted 

perpendicularly to the c-axis to evaluate any difference in composition between 
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the crystal core and rim, determine the mineralogical species to which the samples 

belong, and verify if a chemical evolution occurred within the same tourmaline 

sample. 

On the basis of the variation in chemical homogeneity and color displayed, each 

sample was divided in different zones. The area corresponding to the dark-colored 

overgrowth was labeled “OG”, while the core zone “C”. The “OG” and “C” 

regions were further subdivided by adding a progressive numerical suffix starting 

from the rim to the core of the crystal, in presence of changes in composition or 

color. 

The following figures (Figures 4.8−4.23) display the pattern of selected elements 

(as wt% oxides) determined along the considered traverse of all tourmaline 

samples from the secondary deposit of Mavuco analyzed. Tables 4.1−4.16 

summarized the chemical composition in wt%, apfu for each zone of the studied 

samples and the relative empirical formula. 

 

MAV 1: the sample represents a fragment of a tourmaline core (C) and, as thin 

section, shows a blue coloration, which is darker on one side. The chemical 

composition is quite homogeneous along the analyzed traverse and is 

characterized by a significant content in Fe and Mn (FeO ⁓ 3 wt% and MnO ⁓ 4.5 

wt%). CuO content shows some oscillation within 0.03 wt%.  

The slight difference in the color displayed is not apparently related to variations 

in the chemical composition. The blue coloration displayed by this tourmaline 

sample can be related to the presence of both Fe and Mn as mainly color-causing 

agents (Fig. 4.8 and Table 4.1). 
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Figure 4.8. EMP analysis of the MAV 1 sample along a straight 

traverse perpendicular to the c-axis (only selected oxides are reported. 

See Table 4.1 for complete chemistry. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9. EMP analysis of the MAV 2 sample along a straight 

traverse perpendicular to the c-axis (only selected oxides are reported. 

See Table 4.2 for complete chemistry. 
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Figure 4.10. EMP analysis of the MAV 3 sample along a straight 

traverse perpendicular to the c-axis (only selected oxides are reported. 

See Table 4.3 for complete chemistry. 

 

 

Figure 4.11. EMP analysis of the MAV 4 sample along a straight 

traverse perpendicular to the c-axis (only selected oxides are reported. 

See Table 4.4 for complete chemistry. 
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Figure 4.12. EMP analysis of the MAV 5 sample along a straight 

traverse perpendicular to the c-axis (only selected oxides are reported. 

See Table 4.5 for complete chemistry. 

Figure 4.13. EMP analysis of the MAV 6 sample along a straight 

traverse perpendicular to the c-axis (only selected oxides are reported. 

See Table 4.6 for complete chemistry. 



144 
   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14. EMP analysis of the MAV 7 sample along a straight 

traverse perpendicular to the c-axis (only selected oxides are reported. 

See Table 4.7 for complete chemistry. 

Figure 4.15. EMP analysis of the MAV 8 sample along a straight 

traverse perpendicular to the c-axis (only selected oxides are reported. 

See Table 4.8 for complete chemistry. 
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Figure 4.16. EMP analysis of the MAV 10 sample along a straight 

traverse perpendicular to the c-axis (only selected oxides are reported. 

See Table 4.9 for complete chemistry. 

 

Figure 4.17. EMP analysis of the MAV 11 sample along a straight 

traverse perpendicular to the c-axis (only selected oxides are reported. 

See Table 4.10 for complete chemistry. 
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Figure 4.18. EMP analysis of the MAV 12 sample along a straight 

traverse perpendicular to the c-axis (only selected oxides are reported. 

See Table 4.11 for complete chemistry. 

Figure 4.19. EMP analysis of the MAV 13 sample along a straight 

traverse perpendicular to the c-axis (only selected oxides are reported. 

See Table 4.12 for complete chemistry. 
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Figure 4.20. EMP analysis of the MAV 14 sample along a straight 

traverse perpendicular to the c-axis (only selected oxides are reported. 

See Table 4.13 for complete chemistry. 

Figure 4.21. EMP analysis of the MAV 15 sample along a straight 

traverse perpendicular to the c-axis (only selected oxides are reported. 

See Table 4.14 for complete chemistry. 
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Figure 4.22. EMP analysis of the MAV 17 sample along a straight 

traverse perpendicular to the c-axis (only selected oxides are reported. 

See Table 4.15 for complete chemistry. 

Figure 4.23. EMP analysis of the MAV 18 sample along a straight 

traverse perpendicular to the c-axis (only selected oxides are reported. 

See Table 4.16 for complete chemistry. 
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MAV 2: the sample represents a fragment of a tourmaline core (C) and, as thin 

section, reveals a bright blue coloration with a brownish-greenish portion. As for 

the sample MAV 1, the chemical composition of this tourmaline is quite 

homogeneous along the considered traverse, but the average amounts of Fe and 

Mn are different. The MAV 2 sample is characterized by a higher concentration of 

Fe (FeO ⁓ 5 wt%) and a lower Mn content (MnO ⁓ 1 wt%). CuO content shows 

some oscillation within 0.03 wt% as already observed for the MAV 1 sample.  

The change of color observed along the crystal fragment seems to be not related to 

variations in FeO, MnO and CuO contents. Based on the chemical composition, Fe 

is the principle coloring agent responsible for the bright blue clororation displayed 

by this tourmaline sample. This because Mn is a much weaker absorber than Fe, 

and concentrations of 1−3 wt% MnO is usually not enough to impart a color to Li-

Al tourmaline crystals (Rossman, 1997) (Fig. 4.9 and Table 4.2). 

 

MAV 3: once reduced to a thin section, the sample displays a discontinuous black-

to-green rim, which is present only on one side of the tourmaline grain. Moreover, 

the sample is characterized by a colored core ranging from light pink to light blue-

green in the inner part of the crystal. At the dark-colored rim (OG), the sample 

shows high levels of Fe and Mn, with a content of FeO ⁓ 4.5 wt% and MnO ⁓ 2.2 

wt%. Fe and Mn content sharply decreases below detection limit within the core. 

While FeO level remains so low through the entire core of the crystal, MnO rises 

progressively in correspondence of the light pink region of the polychrome core 

(C1 and C2), reaching a concentration of about 4 wt% in the initial part of the light 

blue-green zone of the core where it remains almost constant (C3). A similar 

behavior, but with a less extent, can be observed for CuO, which content is about 

0.04 − 0.06 wt% in the initial part of the crystal (OG and C1), and 0.13 − 0.14 wt% in 

the remaining (C2 and C3). The dark-colored overgrowth (OG) also shows a slight 

increase in CaO reaching values up to ⁓2 wt%. The first part of the light pink zone 

(C1) is characterized by a low MnO content, which increases in the second part 

(C2) along with CuO. This gives rise to a light blue-green shading in the C2 zone. 
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The blue-green zone (C3) is instead characterized by the highest level in MnO and 

CuO. Consequently, the blue-green hue of the C3 zone can be ascribed to Cu and 

Mn in combination with Ti (TiO2 ⁓0.10 wt%) (Fig. 4.10 and Table 4.3). 

 

MAV 4: the sample, as thin section, exhibits an extended blackish rim and a 

polychromatic core where it can be distinguished at least three different shade of 

yellow color: yellow (C1), pale yellow (C2) and ochre (C3). The dark-colored 

overgrowth is characterized by an average high content in Fe and Mn. While FeO 

decreases from an initial value of about 5 wt% at the rim edge to 0.6 wt% at the 

transition rim-core, MnO rises from 4 wt% to 6 wt%. On the basis of these 

variations, the dark-colored overgrowth was subdivided in OG1, OG2 and OG3. 

FeO level remains below 0.5 wt% in the yellow and pale-yellow zones of the core 

(C1 and C2), rising to 1.5 wt% in the ochre zone (C3). MnO content remains quite 

constant at about 6 wt% in the first core region (C1), decreases in the C2 zone to 

about 4.5 wt%, remaining around this level in the last zone of the core (C3). CuO 

content rises in the inner part of the dark-colored overgrowth (OG3) reaching a 

value of about 0.3 wt%. Its level remains constant through the C1 and C2 zones, 

decreasing to ⁓ 0.1 wt% in the ochre zone (C3). 

Overall, the yellow zone (C1) is characterized by the highest level of Mn (MnO ⁓ 6 

wt%) and the lowest of Fe (FeO > 0.5 wt%). In the pale-yellow zone (C2) a 

progressive decrease in Mn content can be observed (MnO ⁓ 4 wt%), wherease 

FeO level remains quite low. The ochre zone (C3) is the result of an increased 

amount of FeO content, which is always > 1 wt%, reaching up to 2 wt% at the end 

of the fragment. In the same zone, CuO content decreases from 0.30 wt% to 0.10 

wt% (Fig. 4.11 and Table 4.4). Due to the very low FeO content in the C1 and C2 

zones, Mn may be responsible for the yellow to pale yellow coloration displayed 

by these zones. The yellow-green coloration of the C3 zone, may instead be 

ascribed to both Fe and Mn, with the influence of Ti (TiO2 ⁓ 0.3 wt%). It is not to be 

excluded that Cu, given its not negligibile content (CuO ⁓ 0.3 wt%), may play a 

role in the greenish hue of the crystal core zone (Fig. 4.11 and Table 4.4). 
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MAV 5: the sample represents a fragment of a tourmaline core and, as thin 

section, shows a light blue color. FeO content is always below the detection limit. 

MnO progressively increases through the entire length of the crystal fragment, 

starting from an initial value of 0.6 wt% to 5.2 wt% at the end. Considering this 

variation, the core was subdivided in three parts: C1, C2 and C3. CuO level is 

quite significant with an average value of 0.5 wt%, showing a rhythmic behavior 

in the range 0.4 wt% − 0.5 wt%. Despite the increase in Mn, the color displayed by 

this tourmaline sample remains blue along the whole crystal, suggesting that Cu is 

the main color-causing agent (Fig. 4.12 and Table 4.5). 

 

MAV 6: in thin section, the sample reveals a dark-green overgrowth and a core 

where are clearly distinguishable three differently colored zones: pink to pale 

green (C1), ochre (C2) and an extended blackish core (C3 and C4). The dark-green 

overgrowth is characterized by a quite significant amount of CaO, which reaches 

an average value of 4 wt%, and a lower content in FeO and MnO, in the range of 1-

2 wt%. The multicolored core shows, for several oxides, a different behavior. FeO 

amount sharply decreases below detection limits in the C1 zone, rises a little bit in 

the C2 zone (about 0.4 wt%) and then sharply increases in the C3 zone reaching 

the highest value of about 4 wt %. FeO level remains constant, always around 4 

wt%, in the C4 zone.  Differently, the content in MnO initially decreases below 0.5 

wt% at the beginning of the C1 zone, and then progressively increases reaching 

the highest value (about 6.7 wt%) at the beginning of the C2 zone. MnO content is 

always over 6 wt% in the C2 zone and then sharply decreases to about 4 wt% in 

the C3 and C4 zone. CaO also abrutely decreases in the C1 zone below 1.5 wt%, 

and then progressively decreases up to 0.3 wt% in the C4 zone.  

CuO levels are low along the whole sample with the highest values (⁓0.2 wt%) 

mainly concentrated in the C1 zone and the initial part of the C2 one. TiO2 level 

are below 0.05 wt% in the OG and C1 zones, and becomes quite elevate in the 

ochre (C2) and blackish (C3 and C4) zones of the sample, with values ranging 

from 0.45 w% to 0.65 wt%. (Fig. 4.13 and Table 4.6). 
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Considering all these compositional data, the dark-green color of the overgrowth 

(OG), which is characterized by an unusual enrichment in Ca, maybe mainly the 

result of the combination of yellow and blue hues related to Mn and Fe as color-

causing agents, respectively. The pink color displayed by the initial part of the C1 

zone could be related to Mn as the only color-causing agent, because the absence 

of FeO in this part of the sample. The last part of the C1 zone shows a light blue-

green color that can be related to the sharp increases in MnO, which content rises 

from 1 wt% to about 7 wt%. However, this latter zone is also characterized by the 

highest level of CuO, which cannot be excluded as color-causing agent. The ochre 

color of the C2 zone is mainly the result of the highest content in Mn. However, it 

cannot be excluded the contribution of Ti due to the discrete amount of TiO2 in 

this zone (⁓0.45 wt%). The blackish color of the inner part of the sample (C3 and 

C4) is related to the high and quite constant content in FeO and MnO, with a value 

of about 5 wt% and 4 wt%, respectively (Fig. 4.13 and Table 4.6).  

 

MAV 7: once reduced to a thin section, the sample displays a discontinuous black 

rim (OG), which is present only on one side of the tourmaline grain, and a colored 

core ranging from light pink (C1 and C2), to light blue-green (C3) to ochre in the 

inner part of the crystal (C4). The sample shows compositional and chromatic 

characteristics similar to MAV 3. In fact, the black overgrowth is characterized by 

a high content in FeO and MnO, with an average value of 4 wt% and 2 wt%, 

respectively. Both oxides sharply decrease at the rim-core transition. FeO level 

remains below detection limits in C1, C2 and C3 zones, and then rises a little in the 

C4 zone, with a value always below 0.5 wt%. Differently, MnO level progressively 

rises from ⁓1 wt% to ⁓7 wt% through the C1, C2 and C3 zones, and then remains 

constant to the highest level in the C4 zone. CuO content is quite low in the dark-

colored overgrowth, rising up to an average level of 0.2 wt% in the core zone. 

Similar to the MAV 3 sample, the dark-colored overgrowth is characterized by an 

increased amount of Ca (CaO up to ⁓2 wt%) (Fig. 4.14 and Table 4.7). 

Considering the color displayed, the light pink and the light blue-green zones (C1 
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− C3), are characterized by the same behavior in Mn as observed for the C2 zones 

of MAV 3 and MAV 6 samples. In fact, these zones are characterized by a wide 

change in Mn content, which increases at the transition from the light pink to the 

light blue-green zone. The C4 ochre zone, as the C1 zone of the sample MAV 6, 

displays the highest concentration of MnO and low level of FeO. Similarly, is 

characterized by a discrete amount of Ti (TiO2 ⁓0.4 wt%) (Table 4.7). Therefore, 

both Mn and Ti can be the responsible of the ochre coloration of the C4 zone. 

 

MAV 8: the sample, as thin section, reveals a polychromatic core raging from pale 

blue-green to light pink, surrounded by a greenish overgrowth. The overgrowth 

(OGR and OGL) is characterized by a slight enrichment in FeO and MnO (between 

1 wt% and 2 wt%). MnO decreases progressively in the core zone, with an average 

value of 0.8 wt% in the C1 zone, and 0.2 wt% in the inner core zone (C2). Similarly, 

FeO decreases to an average value of 0.2 wt% in the C1 zone, up to a value below 

the detection limit in the inner core zone (C2). An opposite behavior can be 

observed for CuO, which content is higher in the core zone, showing values 

ranging from 0.3 wt% to 0.4 wt%, and then decreases at the overgrowth. Similarly, 

CaO shows a slight increase in the core zone, with values ranging from ⁓1.4 wt% 

and ⁓2 wt% (Fig. 4.15 and Table 4.8). 

The greenish color of the overgrowth (OGL and OGR) that characterized this 

tourmaline sample, may be related to the lower enrichment in Fe and Mn, which 

are always below ⁓2 wt%, coupled with the influence of Ti (TiO2 ⁓0.15 wt%). The 

pale blue-green color of the C1 zone, could be related to the very low content in 

Fe, associated with the maximum concentration of Cu (CuO up to ⁓0.4 wt%). The 

light pink color of the inner core (C2) can be associated with the absence of Fe, 

which is below the detection limit, and a very low amount in Mn. Although the 

light pink color displayed, it cannot be excluded a contribution of Cu (CuO ⁓0.2 

wt%) (Fig. 4.15 and Table 4.8). 

 

MAV 10: once reduced in thin section, the sample displays a bright blue-green 
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core surrounded by a black overgrowth. The overgrowth is characterized by very 

high content in FeO in the outer region (OG1), starting with a value of about 6 

wt%, which progressively decreases in the inner part of the overgrowth (OG2), 

ranging from ⁓3 wt% to 4 wt%. The outer region of the overgrowth (OG1) starts 

with a low MnO content, which reaches the maximum at the OG2 (⁓3 wt%) being 

comparable with FeO content. The FeO and MnO content decreases in the core 

zone remaining almost constant with an approximately equivalent amount (⁓1.5 

wt%). CuO level is very low in the overgrowth and abruptly increases in the core 

zone where it reaches a constant value of ⁓0.6 wt%. Similarly, CaO shows a slight 

increased amount in the core zone (⁓0.6 wt%) compared to the overgrowth, where 

its content is below detection limit (Fig. 4.16 and Table 4.9). 

The black color of the overgrowth is surely related to the high content in Fe and 

Mn coupled with the presence of Ti (TiO2 ⁓0.2 wt%), while the bright blue-green 

color displayed by the core zone could be related to the combined effects of Fe and 

Cu as color-causing agents (Fig. 4.16 and Table 4.9). 

 

MAV 11: the sample, as thin section, exhibits a brownish overgrowth and a core 

zone characterized by an increase in the ochre coloration from the outer to the 

inner core. The overgrowth shows a discrete but not so high content in MnO and 

FeO, which remains constant within the OG with values of ⁓2.6 wt% and 1.3 wt%, 

respectively. In the core zone, MnO and FeO show a completely different 

behavior. MnO content abruptly increases being always over 6 wt% through all 

core zone, while FeO sharply decreases below the detection limit showing a slight 

increase in the inner part of the core. CuO content is quite low throughout the 

considered traverse with values always below ⁓0.1 wt%, while TiO2 increases in 

the ochre zone of the core zone reaching values ranging from ⁓0.3 wt% − 0.4 wt% 

(Fig. 4.17 and Table 4.10). 

The brownish coloration of the overgrowth is consistent with the moderate 

content in Fe and Mn. The very high content of Mn in the core zone could be 

responsible of its ochre coloration. However, being the levels of Mn quite constant, 
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the observed increase in the greenish hue of the ochre coloration through the inner 

core, could be related to higher Ti level (TiO2 ⁓0.3 wt%) in this part of the crystal 

(Fig. 4.17 and Table 4.10). 

 

MAV 12: the sample represents a fragment of a yellow tourmaline core (C). As 

previously observed for MAV 1 and MAV 2 samples, this tourmaline sample has a 

homogeneous chemical composition. However, it is characterized by an higher 

content in MnO (⁓5.5 wt%) and a lower content in FeO (⁓0.5 wt%). CuO level is 

quite low (⁓0.06 wt%). TiO2 is about 0.15 wt% (Fig. 4.18 and Table 4.11). 

Considering this compositional data, the yellow color displayed by this 

tourmaline sample is consistent with the enrichment in Mn and the low Fe 

content, even if a slight contribution of Ti cannot be excluded. 

 

MAV 13: the sample represents a fragment of a pink-reddish tourmaline core (C). 

Here again, the sample is characterized a homogeneous chemical composition. As 

observed for the MAV 12 sample, the content in MnO is higher than FeO. 

However, MnO level is quite lower respect to the sample MAV 12 (1 wt% vs 6 

wt%). FeO is constantly below the detection limit, and CuO content is quite low 

(⁓0.1 wt%) (Fig.4.19 and Table 4.12). Overall, the pink-reddish coloration of this 

sample can be related to the low content in Mn and the absence of Fe. 

 

MAV 14: the sample, as thin section, shows a wide overgrowth with colors 

ranging from black in the outer region (OG1), to brownish in the inner region 

(OG2 and OG3). The core shows a pale coloration, pink in the outer core zone (C1 

and C2) and blue-green in the inner (C3). The overgrowth is characterized by FeO 

content greater than MnO, with initial values of ⁓3.8 wt% and 1.3 wt%, 

respectively. FeO content decreases within the overgrowth (OG1, OG2 and OG3), 

to reach values below the detection limit in the core zone. MnO level remains 

almost constant within all the overgrowth, sharply decreases below ⁓0.5 wt% at 

the rim-core transition, and then progressively increases though the C1 and C2 
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zones reaching the maximum in the inner core region (C3) where it remains 

constant (⁓3.5 wt%). CuO shows a similar behavior of MnO, with a very low level 

within the overgrowth, which progressively increase in C1 and C2, reaching a 

value of ⁓0.4 wt% in the inner core (C3). The overgrowth, compared with the core 

zone, is characterized by an increased content of CaO (⁓2 wt%) and TiO2 (Fig. 4.20 

and Table 4.13). 

The black-to-brownish color change displayed by the overgrowth is related to the 

progressive decrease in Fe and Ti content, which allow the appearance of a 

yellowish coloration related to the low but constant Mn content. The pale pink 

color showed by C1 and C2 zones can be the result of the low Mn content in 

association to the absence of Fe. The pale blue-green coloration of the C3 zone can 

be related to the higher Mn content. Cu can contribute to the color displayed by 

the core (C1, C2 and C3). 

 

MAV 15: the sample represents a fragment of a tourmaline core and, as thin 

section, shows a pale green coloration. It is characterized by a homogeneous 

chemical composition quite similar to that reported for the MAV 12 sample. In 

fact, they share a similar MnO content (⁓6 wt%). However, FeO content in MAV 15 

sample is constantly below the detection limit. CuO level is quite low (below ⁓0.1 

wt%) and TiO2 is below detection limit (Fig. 4.21 and Table 4.14). 

Despite the similar chemical composition of MAV 12 sample with a high content 

in Mn, the pale green coloration, quite different from the yellow one displayed by 

the MAV 12, could be related to Mn alone. 

 

MAV 17:  the sample, as thin section, shows a brownish-to-greenish overgrowth 

(OG1 and OG2), which is darker in the outer region (OG1), and a colored core 

ranging from green (C1) to light green (C2). The entire overgrowth is 

characterized by a high content in FeO (⁓2 wt%). MnO shows an increased 

concentration in OG1 (up to ⁓2 wt%), while is constantly below ⁓1 wt% in OG2. 

FeO content sharply decrease below 0.5 wt% in the C1 zone and became 
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undetectable in the C2 zone. On the contrary, MnO level remains quite constant 

below ⁓1 wt% in the C1 zone, and then progressively doubles in the C2 zone.  

CuO displays a behavior similar to MnO. The initial average value of 0.15 wt% in 

OG1 is followed by a decrease in the OG2 zone. CuO levels sharply rise at the 

transition rim-core to reach higher average values in the C1 and C2 zones (0.18 

wt% and 0.22 wt%, respectively) (Fig. 4.22 and Table 4.15). 

Differently from the MAV 14 sample, the darker greenish hue displayed by the 

overgrowth, is related to the decrease in Mn content, considering that Fe content is 

quite constant through the overgrowth. In addition, the average TiO2 level is 

greater in OG1 respect to OG2 (0.21 wt% vs 0.13 wt%) (see Table 4.15). The green 

coloration of the C1 zone can be related to the low content in Fe and Mn. The 

absence of Fe and the presence of a moderate amount of Mn, could be responsible 

of the light green color displayed by the C2 zone. Again Cu, which content is 

increased in this zone, may play a role as color-causing agent. 

 

MAV 18: the sample, as thin section, displays a black-to-greenish overgrowth 

surrounding a pale pink homogeneous core. The behavior of FeO and MnO is 

similar to that observed for the MAV 8 sample, with the overgrowth (OGL, OGR2 

and OGR1) characterized by a content of MnO higher than FeO and a core 

depleted of these oxides. However, in this case MnO and FeO levels (⁓4 wt% and 

⁓2 wt%, respectively) are higher than that reported for the MAV 8 sample. MnO 

and FeO content decreases at the rim-core transition abruptly on one side (OGL), 

and gradually on the other one (OGR). For this reason, on the basis of the chemical 

heterogeneity, the latter region was subdivided in OGR2 and OGR1.  

Additionally, the core zone is characterized by a very low amount of Mn, 

constantly below ⁓0.1 wt%, and FeO below detection limit. Differently for the 

MAV 8 sample, CaO is higher in the overgrowth zones, with an averaged double 

amount compared to the core. CuO content is constantly very low along the 

considered traverse (Fig.4.23 and Table 4.16). The black-to-greenish overgrowth is 

related to the high content in Mn and Fe, coupled with the presence of Ti (TiO2 
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⁓0.1 wt%) (Table 4.16). The black to greenish transition observed in the inner part 

of the overgrowth, more extended in one side (OGR2), is consistent with the 

decrease in Mn, Fe and Ti content, slower in OGR respect to OGL. The pale pink 

coloration of the core zone may be associated with the very low, but detectable, 

content in Mn and the absence of Fe. 

 

General comments on the chemical composition and mineralogical species of the 

Mavuco tourmaline grains 

Based on the compositional data obtained by EMPA, differences in the amount of 

some oxides can be evidenced. These differences can be observed not only among 

the tourmaline samples analyzed but also, in several cases, within the same 

sample. FeO and MnO are the oxides for which the greatest variations in content 

are observed, followed, in some samples, by CaO, MgO and CuO. This 

compositional heterogeneity is more marked in those samples with a dark-colored 

overgrowth, which may surround a colored core or be limited to one side of the 

tourmaline grain. 

The overgrowths are generally enriched in FeO and MnO, although with a 

different amount and ratio. Several overgrowths are also enriched in CaO, TiO2 

and MgO..  

A similar compositional heterogeneity, mainly involving MnO, followed by CuO, 

CaO, FeO and, in few cases, MgO and TiO2, can be observed in the core zone of 

tourmaline samples with a dark-colored overgrowth. Frequently, these core zones 

appear polychromatic, with colors ranging from pink, blue, blue-green, green and 

ochre. This polychromatic feature is particularly evident in the MAV 6 sample, 

which core shows the highest color variability (Fig. 4.13). The chromatic variation 

observed in the core zone of the analyzed samples, are often related to 

compositional changes mainly ascribed to Mn, Fe, Ti and Cu, which are typical 

chromophore elements. 

For samples composed only by a monochromatic core fragment, the chemical 

composition remains almost homogeneous within the crystal. 
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In all the analyzed samples, CuO can always be detected with concentrations 

below 1 wt% but showing a marked variability both within the same sample and 

among the different tourmaline grains. Therefore, it cannot be excluded that Cu 

can contributed to the color displayed by the tourmaline samples, especially in 

those zones where its concentration is higher. All other elements analyzed do not 

show any particular variation along the considered traverses. Vanadium, Cr and K 

were always below detection limit. 

The site populations for each zone of the tourmaline samples analyzed were 

calculated following Henry et al. (2011) and the resulting empirical formulae are 

reported in Tables 4.1−4.16. In figure 4.24 are shown the ternary plots of X- , Y- 

and W-site occupancy of all analyzed zones, while in figure 4.25 are reported the 

ternay plots of core and overgrowth zones in the different samples, separately. 

Despite the compositional variability evidenced by EMP analyses, all tourmaline 

samples belong to the elbaite−fluor-elbaite series, except for samples MAV 4 and 

MAV 6. In fact, the outermost region of MAV 4 dark-colored overgrowth (OG1) is 

consistent with a tourmaline belonging to the alkali-group, subgroup 3 (Henry et 

al., 2011): it is Na-dominant at the X position of the tourmaline general formula 

and oxy-dominant at W with O2− > (OH+F)−. Because is ZAl- and Y(Fe2Al)-dominant, 

its composition can be ascribed to an oxy-schorl (Henry et al., 2011) (Fig. 4.24 and 

4.25). The dark-green overgrowth (OG) of MAV 6 can be, instead, classified as a 

tourmaline belonging to the calcic-group, subgroup 2 (Henry et al., 2011): it is Ca-

dominant dominant at the X position and fluor-dominant with (F+OH)− > O2− and 

F >> (OH). Because is ZAl- and Y(AlLi2)-dominant, its composition can be ascribed 

to a fluor-liddicoatite (Henry et al., 2011) (Fig. 4.24 and 4.25). 
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Figure 4.24. Compositional diagrams determined by EMPA. Each point represents the 

result in apfu of the core and overgrowth zones analyzed. (A) X-site occupancy; (B) Y-site 

occupancy; (C) W-site occupancy. Arrows highlight the compositional evolution trend 

from the core zone to the overgrowth. 

  

A 
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Figure 4.25. Compositional diagrams determined by EMPA. Each point represents the 

result in apfu of the core (left) and overgrowth (right) zones analyzed. (A) X-site 

occupancy; (B) Y-site occupancy; (C) W-site occupancy. 

 

 

Comparison of the overgrowths in the Mavuco tourmaline grains 

Chemical analyses conducted on tourmaline samples with a dark prismatic 

overgrowth, revealed that such overgrowths are generally characterized by an 

enrichment in FeO and MnO, which are responsible for the dark coloration. When 

A 

B 
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the content of FeO and MnO is limited, the overgrowths display a brownish-to-

greenish coloration. In most overgrowths, Ti is present and could contribute as 

color-causing agent through Fe2+-Ti4+ and Mn2+-Ti4+ IVCT (Intervalence charge 

transfer) interactions. 

The FeO and MnO content within the dark-colored overgrowths is always below 6 

wt% and thus not sufficient to determine a chemical evolution of the crystals. In 

fact, as stated above, the whole tourmaline grains analyzed, from core-to-rim, 

remain in the elbaite−fluor-elbaite, Na(Al1.5Li1.5)Al6(Si6O18)(BO3)3(OH)3(OH,F), 

compositional field, except for the MAV 4 sample in which the overgrowth 

corresponds to oxy-schorl. The evolutionary trend related to an enrichment in Fe 

at the Y-site, can be also observed in the ternary plot (Fig. 4.24B,C and 4.25B,C). 

A comparison of all the analyzed overgrowths reveals that they do not have the 

same compositional characteristics. In fact, it is possible to distinguish samples in 

which the overgrowth is characterized by FeO content higher, similar or lower 

than MnO (Fig. 4.26).  

 
Figure 4.26. Graphical representation of the distribution of Fe and Mn content in the 

overgrowths of the studied tourmaline grains.  

 

In MAV 3, MAV 7, MAV 10 and MAV 14 samples, the FeO content is significantly 
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higher (almost double) than MnO. In particular, in MAV 10 and MAV 14 samples, 

where the overgrowth was further subdivided, an increase in FeO content from 

the core to rim can be observed. The overgrowth of MAV 4, MAV 6 and MAV 17 

samples are instead characterized by a slightly higher FeO content respect to 

MnO. However, in MAV 4 sample it can be observed not only a significant 

increase in the FeO content towards the rim, as observed for MAV 10 and MAV 14 

samples, but also a concomitant decrease in MnO, which amount becomes much 

lower than FeO in the outermost part of the overgrowth. Differently, the 

overgrowths of MAV 8, MAV 11 and MAV 18 samples are characterized by a 

higher content in MnO respect to FeO (Fig. 4.26). 

The differential distribution of Fe and Mn in the analyzed overgrowths is surely 

related to the different availability of these elements in the crystallizing 

environment during the overgrowth formation within the miarolitic cavity. 

A further comparison of CaO and Na2O in the analyzed overgrowths shows some 

significant differences (Fig. 4.27). Some overgrowths (MAV 6, MAV 3, MAV 7, 

MAV 14 and MAV 18) are characterized by a higher content in Ca (CaO ⁓2 wt%, 

with a value of ⁓4 wt% in MAV 6). The same increase in Ca at the X-site can be 

also observed in the ternay plot (Fig. 4.24A and 4.25A), and in the case of MAV 6 

sample the overgrowth can be classified as fluor-liddicoatite. On the contrary, the 

overgrowths in MAV 4, MAV 11 and MAV 17 samples show very low content 

(CaO < 0.5 wt%). Calcium is undetectable in the overgrowth of sample MAV 10, 

which instead contains the highest content in NaO compared to the other 

overgrowths (NaO ⁓3 wt%). As stated above, differences in the content of CaO in 

the overgrowths could be related to the availability of Ca during the latest-stages 

of tourmaline crystallization. 

There is no correlation between the Fe and Ca content in the analyzed 

overgrowths. In fact, while MAV 3, MAV 7 and MAV 14 samples are characterized 

by a high content in both Ca and Fe, the overgrowth of MAV 18 sample shows an 

enrichment in Ca and Mn. In addition, the overgrowth of MAV 6 sample, which 

can be distinguished for the highest content in CaO, shows a discrete level of MnO 
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and FeO (about 1.2-1.4 wt%). On the other hand,  the overgrowths of MAV 4 and 

MAV 10 are characterized by high content in Fe and Mn, but a very low CaO level. 

(Fig. 4.26 and 4.27). 

 
Figure 4.27. Graphical representation of the distribution of Ca and Na content in the 

overgrowths of the studied tourmaline grains.  

 

Regarding the MgO content in the analyzed overgrowths, a substantial 

heterogeneity can be observed (Fig. 4.28). There are samples characterized by a 

discrete content in MgO, such as MAV 3 and MAV 10 (MgO ⁓ 1 wt%), and 

samples where MgO is present in traces (MAV 4 and MAV 8). Again, there is no 

correlation between MgO and FeO/MnO content. In fact, although both the 

overgrowths enriched in MgO (MAV 3 and MAV 10) show also high level of Fe 

(FeO > 4 wt%), this is not true for the overgrowths where MgO is present in trace 

(MAV 4, MAV 8 and MAV 11), which are characterized by higher levels of FeO 

and MnO ( > 4 wt% for MAV 4, and > 1 wt% for MAV 8 and MAV 11) (Figures 4.26 

and 4.28). 

All overgrowths are characterized by a detectable amount of Cu (CuO > 0.03 wt%). 

In some of the overgrowths, CuO level rises significantly up to 0.2 wt%, although 

the enrichment is differently distributed within the same overgrowth. In fact, there 
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are samples in which the enrichment regards the outermost part of the overgrowth 

(MAV 8 and MAV 17), and others where is the inner part of the overgrowth to be 

enriched in CuO (MAV 4 and MAV 14) (Fig. 4.29). 

 
Figure 4.28. Graphical representation of the distribution of Mg content in the overgrowths 

of the studied tourmaline grains.  

 
Figure 4.29. Graphical representation of the distribution of Cu content in the overgrowths 

of the studied tourmaline grains.  
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Overall, the observed dark-colored overgrowths are the result of a sudden 

chemical-physical change occurred within the crystallization environment during 

the latest-stages of tourmaline growth. Probably, similar phenomena as those 

previously described for Elba tourmalines occurred during the crystallization of 

tourmalines from which the detrital samples were originated. 

In this regard, it can be assumed that the miarolitic cavities hosting the original 

tourmaline crystals underwent to more-or-less extensive fracturing phenomena, 

which involved the enclosing pegmatite, allowing the cavity fluids to infiltrate and 

cause leaching and corrosion of the early-crystallized Fe/Mg- and/or Mn-rich 

minerals in the pegmatitic rock surrounding the cavities. The typical accessory 

minerals, hosting those elements, in the Alto Ligonha pegmatitic system are 

biotite, ferromagnesian amphiboles and Mn-bearing apatite. Concerning the Ca 

availability, this can be supplied by the chemical alteration of apatite in proximity 

of some cavities. The mineral responsible for F enrichment in the tourmaline 

samples analyzed can be fluorite, which is quite abundant in the Alto Ligonha 

pegmatite district. In fact, most of the tourmaline samples analyzed are fluor-

dominant species.  

 

Comparison of the core zone in the Mavuco tourmaline grains 

An overall comparison of the analyzed tourmaline samples reveals that the core 

zones are characterized by a marked heterogeneity in MnO content, ranging from 

ca. 0.5 wt% to 7 wt% (Fig. 4.30).  

Samples with the higher MnO content (4 wt% − 7 wt%) are MAV 1, MAV 3, MAV 

4, MAV 5, MAV 6, MAV 7, MAV 11, MAV 12, MAV 14 and MAV 15. The core 

zones of MAV 2, MAV 8 and MAV 13 samples are instead characterized by a low 

MnO content (< 1 wt%). 
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Figure 4.30. Graphical representation of the distribution of Fe and Mn content in the core 

zone of the studied tourmaline grains (with or without a dark overgrowth).  

 

MnO is present in trace in the core zone of MAV 18 sample. Considering Fe, all 

observed core zones, show a low (< 1.0 wt%) or trace content in FeO, with the 

exception of MAV 1, MAV 2 and MAV 6 samples where FeO reaches values of ⁓3 

wt% (MAV 1), and ⁓ 5 wt% (MAV 2 and MAV 6). These samples can be also 

distinguished by the MnO content, very high in MAV 1 and MAV 6 (> 4 wt%) and 

low in MAV 2 sample (< 1 wt%). While MAV 6 is characterized by the presence of 

a dark-colored overgrowth, MAV 1 and MAV 2 were collected as only core 

fragments. 

A comparison of CaO and NaO content in the core zone of the analyzed samples, 

confirm the heterogeneous behavior observed for MnO, with samples 

characterized by an high content in CaO (MAV 8, MAV 6 and MAV 18), with a 

value ranging from 1 to 2 wt%, and samples depleted in CaO (MAV 1, MAV 2; 

MAV 4, MAV 12, MAV 13, MAV 15) (Fig. 4.31). 

All core zones show a very low content in MgO (< 0.05 wt%), with the exception of 

the inner core of MAV 10, where MgO reaches the value of ⁓0.05 wt% (Fig. 4.32). 

Several core zones show an enrichment in CuO with value close or above 0.4 wt% 

(MAV 4, MAV 5, MAV 8, MAV 10, MAV 14), a content much higher than that 

generally observed in the overgrowths. Other core zones are instead characterized 

by a very low content in CuO (MAV 1 and MAV 2) (Fig. 4.33). 
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Figure 4.31. Graphical representation of the distribution of Ca and Na content in the core 

zone of the studied tourmaline grains (with or without a dark overgrowth).   

 
Figure 4.32. Graphical representation of the distribution of Mg content in the core zone of 

the studied tourmaline grains (with or without a dark overgrowth).   

 
Figure 4.33. Graphical representation of the distribution of Cu content in the core zone of 

the studied tourmaline grains (with or without a dark overgrowth).  
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All these data confirm the huge compositional heterogeneity that characterizes the 

core zone of the tourmaline grains analyzed. For those samples consisting of only 

a core zone, the observed compositional heterogeneity can be explained assuming 

they derive from distinct tourmaline crystals grown in different chemical 

environments. Alternatively, they could originate from the same tourmaline 

crystal that has undergone to a high degree of chemical evolution during its 

growth, as result of significant changes in the crystallization environment likely in 

wide miarolitic cavities. Although the compositional heterogeneity, the 

mineralogical species remain elbaite/F-elbaite as confirmed by the ternary plots of 

X-, Y- and W-site occupancy (Fig. 4.24 and 4.25).  

Considering only those samples characterized by the presence of a dark-colored 

overgrowth, the core zone of half of them (MAV 3, MAV 4, MAV 6, MAV 7, MAV, 

11 and MAV 14) shows an high Mn content, always greater than 3 wt% with 

values up to 6 wt% (Fig. 4.28 left panel). This confirms the abundant availability of 

Mn during the growth of the tourmaline crystals from which they originated. 

Almost all the core zones of samples characterized by the presence of a dark-

colored overgrowth (with the exception of MAV 10 and MAV 18) show 

compositional and/or chromatic variations. In these core zones, Mn content 

follows different trends. In some samples (MAV 3, MAV 6, MAV 7 and MAV 14), 

the level of MnO is higher in the inner part of the core and decreases in the 

direction of the overgrowth (MAV 3, MAV 6, MAV 7 and MAV 14). An opposite 

behavior can be observed in MAV 4 and MAV 8 samples, in which the MnO 

content increases from the inner core towards the overgrowth (Fig. 4.30 left panel). 

Additionally, all the core zone relative to samples featuring a dark-colored 

overgrowth, are characterized by a limited amount of Fe (FeO < 0.5 wt%), with the 

exception of MAV 4, MAV 6 and MAV 10 samples, where FeO amount reaches 

values ranging from 1-2 wt% (MAV 4 and MAV 10) to ⁓5 wt% (MAV 6). However, 

in MAV 4 and MAV 6, the level in FeO quite decreases towards the overgrowth 

(Fig. 4.30 left panel). The samples characterized by the absence of a dark-colored 

overgrowth (only core fragments) show a lower content in CaO, always below 0.5 
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wt%, MgO and CuO compared to the samples with the overgroth (with the 

exception of MAV 5) (Figures 4.31 – 4.33). 

 

Chemical evolution from core to overgrowth in the Mavuco tourmaline grains 

A general comparison of the compositional data obtained on the tourmaline 

samples from the secondary deposit of Mavuco characterized by a dark-colored 

overgrowth, confirms that such overgrowths are mainly the result of a sudden 

increase in Fe during the latest-stages of tourmaline crystallization (Fig. 4.34). In 

fact, all the overgrowths are characterized by the presence of FeO, which content is 

always greater that 1 wt%, and in some samples, reaches (MAV 4, MAV 6 and 

MAV 17) or exceeds (MAV 3, MAV 7, MAV 10 and MAV 14) MnO content. The 

content in FeO in the dark-colored overgrowth is always greater than that 

revealed in the core zone of the corresponding sample with the exception of MAV 

6 sample. Despite the sharp increase in Fe, none of the samples show a chemical 

evolution at the dark-colored overgrowth, except for MAV 4, in which the 

overgrowth is classifiable as oxy-schorl. 

 
Figure 4.34. Compositional variations in the tourmaline grains from the secondary deposit 

of Mavuco (Alto Ligonha pegmatite district, Mozambique). The representative 

abundances of FeO, MnO, CaO, Na2O, CuO and MgO (wt%) are reported for the core 

regions and the dark colored overgrowths. Plotted points represent the chemically 

homogeneous zones (52) in which each sample was divided (see Tables 4.1-4.16). 

 

The evolutionary trend is also observable in the ternary plots of X-, Y- and W-site 

occupancy (Fig. 4.24). Concerning the X-site ternary plot, MAV 6 is characterized 
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by an overgrowth enriched in Ca, leading to a fluor-liddicoatite composition. 

Other evolutive trends, without chemical evolution, can be observed for MAV 3, 

MAV 7, MAV 10, MAV 14 and MAV 18, which composition shift to a more Na-

dominant compostion (Fig. 4.24A). Regarding the Y-site ternary plot, as stated 

above, most of the samples show an evolutive trend from core-to-rim with an 

enrichment in Fe/Mg, and the only sample in which a chemical evolution occurs is 

MAV 4 (Fig. 4.24B,C). 

The early crystallization of Fe-rich minerals during the initial steps of tourmaline 

growth, is considered the most likely mechanism for depleting Fe from the 

pegmatitic melt (Dutrow and Henry 2016, 2018; Bosi et al., 2022a; Altieri et al., 

2022). However, in some samples (MAV 4, MAV 6 and MAV 10) the inner core 

zone is characterized by an enrichment in Fe (FeO up to 5 wt%). This is related to 

the amount of Fe remaining available in the pegmatitic system after the early 

crystallization of Fe-rich minerals, such as biotite and/or Fe-rich amphiboles, 

which are typical accessory minerals of the pegmatitic rock in the Alto Ligonha 

district. In fact, the inner core zone of MAV 4, MAV 6 and MAV 10 samples may 

represent the primitive part of the crystal. The subsequent progressive decrease in 

FeO content towards the dark-colored overgrowth, reaching an undetectable level 

in the outermost part of the core zone of MAV 6, is the result of Fe depletion in the 

system due to tourmaline crystallization.  

During the late-stage of tourmaline crystallization, a sudden increase in Fe, 

responsible for the dark-colored overgrowths, is observable in all analyzed 

samples. To explain the new Fe availability in the crystallization environment, a 

partial opening of the geochemical system can be argued. This scenario can be 

similar to that observed in Elba tourmaline crystals, which are frequently 

characterized by a Fe-rich dark-colored overgrowth (Bosi et al., 2022a; Altieri et al., 

2022, 2023). However, in Elba tourmalines the overgrowth formation is limited to 

the crystal termination, typically at the analogous pole, originating the so-called 

“Moor’s head” textural types (Pezzotta, 2021). As it was argued for Elba Island 

petrogenetic system, a pocket rupture event, probably related to a rigid 
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mechanical schok to which the cavity underwent, caused, for istance, by a thermal 

contraction during the pegmatite cooling, led to mechanical brittle deformations of 

the enclosing pegmatite through the formation of late-stage fractures. In this 

scenario, the highly reactive late-stage cavity fluids were allowed to permeate the 

fractures in the pegmatitic rock surrounding the cavity, where the early-

crystallized cavity-lining Fe-rich minerals (i.e., biotite and/or Fe-rich amphiboles) 

were formed. Leaching and corrosion processes ascribed to the late-stage cavity-

fluids, led to the hydrothermal alteration of such minerals with the consequent 

release of Fe in the system, causing a sudden change in the chemical composition 

of the pocket environment. The increased availability of Fe in the residual cavity-

fluids would lead to the formation of the observed dark-colored overgrowths in 

the tourmaline crystal from which the grains of the secondary deposit of Mavuco 

originated. It is important to point out that the tourmaline crystals from which the 

grains of the Mavuco area originated were characterized by overgrowths 

extending to the prismatic faces. Such extensive overgrowths are surely the result 

of a large availability of early-crystallized Fe/Mn-rich minerals, which underwent 

to hydrothermal alteration during the latest-stages of tourmaline crystallization. 

Additionally, a wide size of the miarolitic cavities in which the original tourmaline 

crystals grew, combined with an extensive fracturing of the cavities, may have 

played a key role in the formation of the prismatic overgrowths. In fact, a broad 

fracturing surface may allow more extensive alteration and corrosion phenomena 

of the early-crystallized cavity-lining and cavity-coating Fe/Mn-rich minerals in 

the enclosing pegmatite, thus leading to persistent leaching processes by the 

highly reactive late-stage cavity fluids. All these conditions, associated with a long 

lasting late-stage tourmaline crystallization ensured by B, which must be still 

present in the residual fluids of the cavity, allowed for the development of the 

dark-colored overgrowths not only at the crystal termination, but also along the 

prismatic faces. This hypothesis is supported by a tourmaline crystal from the 

“Marina” pegmatite (MAV 22, see below), which is characterized by a thick black 

Fe-rich overgrowth covering all over the tourmaline surfaces, including the prism 
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faces and the steep pyramidal faces at the antilogous pole. 

A particular case is represented by the MAV 18 sample, which is characterized by 

a very limited amount of Fe and Mn in the core zone and a sharp increase in these 

elements at the overgrowth, with Mn content exceeding that of Fe. Such Mn 

enrichment can be likely ascribed to the leaching and corrosion of Mn-rich cavity-

lining minerals during the latest-stages of tourmaline crystallization. The strong 

enrichment in Mn observed in this overgrowth, can be the result of the corrosion 

and alteration of highly-competitive minerals for this element, such as spessartine 

garnet (Hernández-Filiberto et al., 2021). Spessartine crystallization is recognized 

as an important mechanism for regulating the Mn content during the evolution of 

the pegmatite systems (Novak et al., 2000; Laurs et al., 2007; Bosi et al., 2022a). The 

high partitioning of Mn into garnet (Haralampiev and Grover, 1993), allows 

spessartine to store most of the Mn present in the pegmatitic melt when it 

crystallizes in the early-stage of cavity evolution, thus preventing the Mn 

enrichment in primary tourmaline within pegmatite pockets. This could explain 

the absence of Mn in the core zone of MAV 18 sample. Spessartine garnet, 

although in limited quantities, occurs in the kamada layer of the secondary deposit 

of Mavuco. Consequently, it is reasonable to assume that the absence of Mn in the 

core zone of MAV 18 and its subsequent increase observed at the overgrowth, is 

due to early-formed spessartine garnet. All these events may allow the formation 

of the observed Mn-rich overgrowth in MAV 18 sample. In the same sample, a 

similar scenario can be assumed for Fe, which was sequestered by the primitive 

Fe-rich minerals during the initial steps of tourmaline crystallization, and then 

released right after the pocket rupture, which involved the pegmatitic rock 

surrounding the cavity. 

In general, Mn content shows a wide range of concentrations in the analyzed 

tourmaline samples, with values between traces and 6 wt%. The variation in the 

Mn content observed both within the same sample and among the analyzed 

samples, is most likely the result of a different availability of this element in the 

geochemical system. 
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In those samples where the core is richer in Mn than the overgrowth (MAV 6, 

MAV 7, MAV 3 and MAV 14), it is reasonable to assume that this element was 

present in the pegmatitic melt, and thus geochemically available during pegmatite 

crystallization. The Mn incorporation in the early-stages of tourmaline 

crystallization can occur when no highly-competitive mineral for Mn were 

crystallizing, such as spessartine garnet. Apatite is instead a fairly-competitive 

mineral for Mn. The presence of abundant apatite crystals in the kamada layer of 

the secondary deposit of Mavuco strongly suggests this mineral as supply of Mn 

during the late-stage of tourmaline crystallization as a consequence of leaching 

processes. The co-crystallization of apatite and tourmaline in the early-stages of 

cavity evolution, can explain the observed Mn enrichment in the core zone of 

some tourmaline grains analyzed. As apatite has low affinity for Mn, its 

subsequent chemical alteration results in a lower release of Mn in the system. This 

may be responsible for the lower content in Mn recorded by tourmalines at the 

overgrowth compared to the core region. 

Overall, the Mn content in the tourmaline crystals, either in the core part or the 

overgrowth, are directly dependent on the fractionation of Mn in the pegmatitc 

melt and the crystallization of highly- to fairly-competitive minerals for Mn, such 

as spessartine garnet and Mn-bearing apatite, respectively. The observed higher 

enrichment in Mn at the dark-colored overgrowth compared to the core zone in 

specific tourmaline grains, suggests the role of spessartine as main regulator of the 

Mn levels during tourmaline crystallization, as previously reported for the 

petrogenetic system of Elba Island. 

As a final remark, the comparison of the abundances of selected elements (Fe, Mn, 

Ca, Cu and Mg), which occur in both the overgrowths and the core zones of the 

analyzed tourmaline grains, confirms a sudden increase in Fe level in the 

overgrowth of all samples. In few cases, the overgrowths are characterized by an 

enrichement in Ca and Mg content (Fig. 4.34). This is particularly evident for the 

MAV 6 (Ca) and the MAV 10 (Mg). The availability in the system of Ca can be 

ascribed to the chemical alteration of apatite, a Ca-rich mineral commonly present 
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in the amphibolitic host rock of the Alto Ligonha pegmatitic disctrict. Magnesium 

can be instead released by alteration of Mg-rich biotite and/or Mg-rich 

amphiboles. 

Concerning Cu, the core zones are generally characterized by a higher content of 

this element compared to the overgrowths, and no samples show a Cu content in 

the overgrowth higher than the corresponding core zone. This behavior strongly 

suggests that this element was already available in the pegmatitic melt during the 

early-stages of the tourmalines crystallization. Little information is available for 

Cu source in the “Marina” pegmatite that was supposed to be the primary deposit 

from which the Mavuco detrital tourmalines were originated (Federico Pezzotta 

personal communication). However, it can be assumed that the “Marina” 

pegmatite derived from the melting of a Cu-bearing granite.  

 

4.4.2 Identification of the gemological varieties characterizing the core zone 

of the Mavuco tourmaline grains 

From a gemological view point, the core of the analyzed tourmaline grains 

belongs to different varieties according to the color displayed and the relative 

chemical composition. 

The identified gemological varieties are: 

 Indicolite, with a light to deep blue coloration. This variety is better 

represented in MAV 1 and MAV 2 samples. The blue color is mainly caused 

by a significant amount of Fe (FeO ranging from ⁓ 3 wt% to ⁓ 5 wt%). CuO 

content is very low (< 0.05 wt%). 

 Canary tourmaline, with a yellow, ochre to yellow-green color. The core zone 

of MAV 11 and MAV 12 samples better represent this variety. Chemically, 

the content in Mn is quite high (5-7 wt%), which associated with Ti, gives 

rise to the yellowish coloration (Rossman and Mattson, 1986). At the same 

time, Fe content is very low (< 0.5 wt%). The presence of Cu (0.1–0.2 wt%) 

can modify the color displayed towards a green hue (as observable in the 

C3 and C4 zones of MAV 4 and MAV 7 samples, respectively). 
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 Paraiba-type, with a bright blue to blue-green color. The core zones of the 

samples in which this variety is clearly evident, are MAV 5 and MAV 14. 

These crystal zones are characterized by the absence of Fe (below detection 

limit) and a quite amount of Cu (0.4–0.6 wt%), the latter responsible for the 

typical blue “neon” color resembling the Brazilian Paraiba variety. 

 “Cu-bearing rubellite”, with a pink-reddish color, as result of the presence of 

Mn and the relative absence or very low amount of Fe. Differently from the 

typical rubellite, this variety is characterized by the presence of Cu, which 

modify the color displayed towards a purplish hue. This variety is better 

evident in MAV 13, containing MnO ⁓1 wt%, undetectable amount of FeO 

and 0.1 wt% of CuO. 

 

4.4.3 OAS analysis and determination of the cause of color 

To provide additional information on the mechanisms underlying the color 

displayed by the core regions of the tourmaline grains from the secondary deposit 

of Mavuco, optical absorption spectroscopy analyses in the UV-Vis region were 

performed on selected samples with particular chromatic features. Among these 

samples, one is MAV 6, which is characterized by a marked polychromism 

ranging from dark-green, pink-red, blue-green, ochre to black. Additionally, the 

MAV 5 and MAV 10 samples, which show a similar blue coloration but a different 

Cu/Fe -ratio, were analyzed.  

The optical absorption spectra of MAV 6 and MAV 10 samples were measured in 

E⊥c-polarization mode as the samples represent a crystal section cut mostly 

perpendicular to the c-axis (by the presence of a dark-colored prismatic 

overgrowth). Because MAV 5 sample represents a fragment of a tourmaline core 

region without any clear orientation, the spectra were recorded both in E⊥c and 

E||c polarization mode. 

Colors in tourmaline are essentially related to transitions elements (Ti, V, Cr, Fe, 

Mn and Cu), acting as color-causing agents through several mechanisms at 

structural levels, with the most common ones being crystal field transitions (CFT), 
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intervalence charge transfer interactions (IVCT), and color centres (e.g., Fritsch 

and Rossman,1987; Pezzotta and Laurs, 2011; Rossman, 2014). Because chemical 

analyses of the MAV 6, MAV 10 and MAV 5 samples revealed contents of V2O3, 

and Cr2O3 below the detection limit (≤ 0.03 wt%), the main transition metals that 

could contribute to the color displayed by these tourmaline crystals are Fe, Mn, Cu 

and Ti.  

Polarized spectra (E⊥c) were recorded on selected spots of MAV 6 sample 

displaying a different coloration (Fig. 4.35). Spectrum of the ochre zone (C2) shows 

a very strong absorption band in the near UV-region at ⁓30700 cm−1 and a sharp 

and very weak absorption band at ⁓27000 cm−1, which can be assigned to Mn2+-Ti4+ 

IVCT and Mn2+ spin-forbidden transitions, respectively (Fig. 4.35) (Rossman and 

Mattson, 1986; da Fonseca-Zang et al., 2008). This assignment is consistent with 

the enrichment in MnO and TiO2 observed from chemical data (Table 4.17). On the 

other hand, the weak and broad absorption bands at ⁓14000 cm−1 and  ⁓11000 cm−1 

can be attributed to spin-allowed d-d transitions in Cu2+ (Rossman et al., 1991; 

Mashkovtsev et al., 2006). This is in accord with the presence of CuO, even in 

small amount, and a FeO level below detection limit (Table 4.17). Consequently, 

the yellowish coloration for C2 zone of MAV 6 sample is controlled by Mn, Ti and 

Cu. For this reason, this zone belongs to the canary tourmaline gemological variety 

(e.g. Laurs et al., 2007). 

The spectrum recorded in the blue-green core zone (C1-inner part) reveals only 

the presence of a very weak broad band at ⁓14000 cm−1 and an intense broad band 

at ⁓11000 cm−1 in the near-infrared-range, both ascribed to Cu2+ spin-allowed d-d 

transitions (Fig. 4.35) (Rossman et al., 1991; Mashkovtsev et al., 2006). EMPA 

results confirmed the presence of Cu as only color-causing agent for the blue-

green coloration of the C1 zone, given the enhanced Cu-contents (Table 4.17). 

Moreover, the enrichment in Cu in this part of the crystal is double of that in the 

ochre tourmaline zone. This compares well with the band intensity ratios of the 

bands in the blue and ochre zones. The low concentration in MnO (1.47 wt%) is 

likely not enough to contribute to the color displayed by this core zone through 
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Mn2+ spin-forbidden electronic transitions, as Mn2+ is a weak absorber (Rossman, 

1997). Additionally, the lack of TiO2, under detection limit, does not allow Mn-Ti 

interaction and consequently the occurrence of a stronger Mn2+-Ti4+ IVCT 

absorption band. Based on overall results, the blue-green core zone (C1-inner part) 

can be classified as Paraiba-type tourmaline variety (e.g. Laurs et al., 2008).  

 
Figure 4.35. OAS spectra polarised perpendicular to the c-axis direction (E⊥c) of the 

different colored regions of the core zone and dark-green overgrowth of the MAV 6 

samples. Sample thickness: ochre zone = 832 μm; blue-green zone = 838 μm; pink zone = 

843 μm; dark-green zone = 424 μm. 

 

The recorded optical absorption spectrum of the pink core zone (C1-outer part) is 

characterized by a weak and broad absorption band at ⁓22000 cm−1 and a stronger 

broad band at ⁓19000 cm−1 (Fig. 4.35). These assignments agree with the pink color 

displayed by this part of the crystal, which can be ascribed to the presence of Mn3+ 

as color-causing agent. (Reinitz and Rossman, 1988; Taran et al., 1993 ; Ertl et al., 

2005; Bosi et al., 2021). Differently, the very weak and sharp absorption band at 

⁓24100 cm−1 can be assigned to Mn2+ spin-forbidden transitions (Rossman, 1997). 

The origin of the broad and weak absorption bands at ⁓25200 cm−1 and ⁓14000 

cm−1 is less obvious. The very low Fe- and Ti-content recorded by EMPA in this 
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zone, rules out Fe2+-Ti4+ IVCT as well as spin-allowed Fe2+ origins of these bands 

(Table 4.17). Thus, the origin of these two absorption bands is to be found in other 

transition metals, such as Ni. Although the content of Ni in this sample has not 

been measured, the intensities data and peak positions of such absorption bands 

are comparable with those observed by Taran et al. (1993). Consequently, the 

weak and broad absorption bands at ⁓25200 cm−1 and ⁓14000 cm−1 can be 

tentatively assigned to spin-allowed Ni2+ transitions. On the basis of these results, 

the pink coloration of the C1 zone of MAV 6 sample is exclusively caused by the 

presence of Mn in the oxidized state +3. Hence, this zone is classifiable as rubellite 

tourmaline variety (Pezzotta and Laurs, 2011). 

The spectrum of dark-green overgrowth displays two broad absorption bands 

centred at 13800 cm-1 and 9200 cm-1, and a weak broad band at 24000 cm-1 (Fig. 

4.35). The strong polarization of the bands at 13800 cm-1 and 9200 cm-1 is 

attributable to the presence of Fe3+ in this zone of the MAV 6 sample. 

Consequently, the these bands can be caused by electronic exchange interactions 

in an Fe2+-Fe3+ pair at adjacent Y sites in the tourmaline structure. (Taran and 

Rossman, 2002). The set of weak and relatively sharp bands between ⁓25000−24000 

cm-1 can be instead assigned to spin-forbidden Fe2+ and/or Fe3+ bands (Mattson and 

Rossman, 1987). In accord with these assignments, the dark-green coloration of the 

MAV 6 overgrowth is mainly controlled by Fe2+-Fe3+ interactions. Consequently, 

this overgrowth belongs to the verdelite gemological variety (Pezzotta and Laurs, 

2006). 

OAS data demonstrate the presence of Fe and Mn in the oxidation state +3 in the 

overgrowth and the outer part of the C1 core zone characterized by a pink 

coloration. On the contrary, these elements are in the oxidation state +2 in the 

remaining part of the sample including the inner blackish zone (C3-C4), which 

likely represents the primitive part of the crystal. This OAS information suggests a 

change in the oxidation state of the geochemical environment that occurred just 

before the formation of the dark-green overgrowth.  A change in the redox state, 

associated with the opening of the geochemical system, was already observed in 
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the petrogenetic system of Elba granitic pegmatites. This change was ascribed to 

an intense fracturing of the pocket, which propagates to the enclosing pegmatite 

(see the case study reported in the section 1.4 of this thesis). Therefore, it is 

possible to hypothesize that during the crystallization of the tourmaline crystal 

from which the MAV 6 sample derived, a pocket rupture occurred. In this 

particular case, the modification of the redox state within the cavity occurred 

before the sudden increase in both Fe and Mn in the dark-green overgrowth, in 

correspondence of the pink colored outer part of the C1 zone. The oxidizing 

environment within the cavity was probably promoted by a very limited opening 

of the pocket, which changed the oxygen fugacity. This occurred before the 

destabilizing event, which allowed the leaching and corrosion of the early-

crystallized Fe/Mn-rich minerals. This oxidation allowed the formation of the pink 

core zone, characterized by a low Mn content in the redox state +3 (in accord with 

the presence of Mn3+ d-d transition absorption bands), compared to the nearby 

blue-green core zone, with a comparable or greater amount of Mn, but lacking any 

Mn3+ absorption bands in the OAS spectrum. The redox state of Mn is still +2 in the 

ochre zone (C2), because its OAS spectrum is dominated by Mn2+-Ti4+ IVCT and 

Mn2+ spin-forbidden transitions.  

Polarized spectra (E⊥c and E||c) recorded on a selected spot of MAV 5 sample 

light-blue core region, reveals very weak and broad absorption bands at ⁓26000 

cm-1, ⁓14000 cm-1 and ⁓11000 cm-1 (Fig. 4.36). Based on EMPA results (Table 4.18), 

the band at ⁓26000 cm-1 can be assigned to Mn3+ d-d transitions, whereas the 

absorption bands at ⁓14000 cm-1 and ⁓11000 cm-1 are caused by Cu2+ d-d transitions. 

The stronger intensity of this latter band compared to that at ⁓14000 cm-1, and the 

total absence of any Fe2+ absorption bands in the OAS spectra, confirm that MAV 5 

sample belongs to the Paraiba-type gemological variety (Mashkovtsev et al., 2006; 

Krzemnicki and Wang, 2022). The weakness of the absorption bands in the OAS 

spectra is essentially due to the unclear orientation of the sample, as it represents a 

fragment of a tourmaline core zone. 
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Figure 4.36. OAS spectra polarised perpendicular (E⊥c, blue line) and parallel (E||c, red 

line) to the c-axis direction of the light-blue core region of the MAV 5 sample. Sample 

thickness: 846 μm. 

 

The E⊥c-spectrum of the greenish-blue core zone of the MAV 10 sample is 

dominated by two broad absorption bands at ⁓14000 cm-1 and ⁓11000 cm-1 in the 

near-infrared-range (Fig 4.37). The color of a Paraiba-type tourmaline, is primarily 

related to two broad Cu2+ absorption bands centred at around 14000 cm-1 and 

11000 cm-1, with this latter predominant respect to the band at ⁓14000 cm-

1(Mashkovtsev et al., 2006; Krzemnicki and Wang, 2022). Because the spectrum of 

the light-blue-green color of MAV 10 sample is characterized by absorption bands 

at ⁓14000 cm-1 and ⁓11000 cm-1 with nearly equal intensity, it can be deduced that 

its color is due to a combination of Cu and Fe. EMPA data agree with this result, 

as MAV 10 sample is characterized by the presence of both Cu (CuO ⁓0.7 wt%) 

and Fe (FeO ⁓1.2 wt%), with a Cu/Fe-ratio of 0.33 (Table 4.18). As previously 

observed for the blue-green zone (C1-inner part) of the MAV 6 sample, the low 

concentration in MnO (1.42 wt%) in the core region of MAV 10, is not enough to 

contribute to the color displayed by this core zone through Mn2+ spin-forbidden 

electronic transitions, as Mn2+ is a weaker absorber than Fe2+ and Cu2+ (Rossman, 

1997). Although the greenish-blue color resembles that of most of paraiba-type 

tourmalines, its intermediate composition due to the presence of both Cu2+ and 
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Fe2+ does not allow to classify this sample neither as indicolite nor as Paraiba-type, 

but as Fe-Cu bearing tourmaline. 

 
Figure 4.37. OAS spectra polarised perpendicular to the c-axis direction (E⊥c) of the 

greenish-blue core zone of the MAV 10 samples. Sample thickness: 815 μm. 

 

Despite the similarity in the color displayed, the MAV 5 and MAV 10 samples 

belong to two different gemological varieties. Based on OAS data and chemical 

composition, the MAV 5 sample can be classified as Cu-dominant (Paraiba-type) 

tourmaline with a CuO concentration of ⁓0.40 wt% and the total absence of Fe, 

whereas the MAV 10 sample as Fe-Cu bearing tourmaline, for its intermediate 

composition between indicolite and Paraiba-type (FeO ⁓1.2 wt% and CuO ⁓0.7 

wt%). 

 

This is a typical issue in gemology, where the color appearance is the main 

classification method. However, a more rigorous classification should be made on 

the basis of chemical composition. In this context, it is very important to obtain 
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information on the relationships between chemical composition and color 

displayed. This could help to develop quick and cost-effective analytical methods, 

mainly based on specific spectroscopic signatures, which will reduce the change of 

fraudulence in the trading of gemological material. 

 

4.4.4 The MAV 21 sample from the “Marina” pegmatite and the origin of the 

detrital tourmaline samples from the secondary deposit of Mavuco 

The presence of Cu in the tourmaline grains from the secondary deposit of 

Mavuco, suggested that a primary deposit from which they originated, could have 

the same geochemical signature. 

The recent discovery of the “Marina” granite pegmatite in the Pegmatitic District 

of the Alto Ligonha, raised the possibility that such detrital tourmalines could be 

originated from this primary deposit. Moreover, the “Marina” pegmatite is up to 

now the only primary deposit in the Pegmatitic District of the Alto Ligonha, close 

to the  Mavuco deposit, with an LCT geochemical signature and thus prone to 

produce tourmalines. To confirm this hypothesis, a tourmaline crystal from the 

“Marina” pegmatite (MAV 21), was analyzed.  

The MAV 21 sample is a multicolored tourmaline crystal of about 3 cm in length, 

and characterized by a dark-colored overgrowth at the analogous pole (Fig. 4.7). 

From the base to the termination, the the crystal shows a color zoning ranging 

from yellow, dark-green, pale pink, blue-green, pink-reddish to brownish in the 

direction of the analogous overgrowth. The narrow blue-green sector, in the upper 

part of the crystal, appears divided in two half along the crystal width, which are 

also shifted along the c-axis.  
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Figure 4.38. EMP analysis of the MAV 21 sample along a straight traverse parallel to the c-

axis (only selected oxides are reported. See Table 4.19 for complete chemistry. 
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Figure 4.38 displays the pattern of selected elements (as wt% oxides) determined 

along the considered traverse parallel to c-axis. Table 4.19 summarizes the 

chemical composition in wt%, apfu for each chemically homogeneous zone in 

which the sample was divided, and the relative empirical formulae. 

The yellow Z1 zone is characterized by a low content in FeO (< 0.5 wt%) and MnO 

(< 1 wt%), while CaO content is about 1.7 wt%. The presence of TiO2 (0.13 wt%), 

suggests that the yellow coloration is due to the combined effect of Mn and Ti 

(IVCT Mn2+−Ti4+). The dark-green Z2 zone, shows a sharp increase in Fe with an 

average FeO content of about 2 wt%, followed by a slight increase in Mn (MnO up 

1.4 wt%), and a decrease in Ca (CaO ⁓ 1 wt%). The presence of a moderate amount 

of Ti (TiO2 ⁓ 0.3 wt%) is likely consistent with the involvement of this element as 

color-causing agent in combination with both Fe and Mn though Fe2+-Ti and Mn2+-

Ti IVCT transitions, resulting in a dark-green coloration. The Z3 zone is 

characterized by an abruptly decrease in Fe content reaching the same average 

value of Z1. At the same time, a slow decrease in MnO content and an increase in 

CaO can be observed, reaching at the end of the zone the same content observed in 

Z1. Despite the similar composition to Z1, the different color displayed can be 

ascribed to the absence of TiO2 in Z3. Thus, the pink coloration can be mainly 

ascribed to Mn. The narrow blue-green zone observable in the upper part of the 

crystal (Z4), is the result of a local and sharp increase in FeO, which reaches a 

value up to 1 wt%. The presence of ⁓ 0.1 wt% of CuO, may modifiy the blue color 

associated with Fe towards a greenish hue. The Z5 zone shows a similar average 

composition to Z3. Its reddish hue is probably the result of the slight increase in 

MnO content within the zone. In the brownish region of the analogous 

overgrowth (Z6) a huge increase in MnO can be observed, reaching value about 7 

wt%, as well as TiO2, with an average content of 0.45 wt%. This region of the 

analogous overgrowth is also characterized by a decrease in Ca (CaO < 0.2 wt%), 

while the FeO content does not change too much. The last blackish part of the 

crystal termination shows a sharp decrease in MnO content, as well as an increase 

in FeO and CaO. The color displayed by the analogous termination can be mainly 
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due to the contribution of Mn and Ti in the brownish part, and Fe alone or in 

combination with Ti, for the blackish one. 

The content in Cu was evaluated in MAV 21 sample and most spot analyses reveal 

a detectable amount of CuO. Cu is mainly concentrated in some areas of the 

sample including the narrow blue zone (Z4) in which reaches a value up to 0.1 

wt%. The content of CuO measured in several parts of MAV 21 sample is 

absolutely comparable with the range observed in the tourmaline fragments and 

grains of the residual deposit of Mavuco, thus confirming the hypothesis of 

“Marina” pegmatite as a primary deposit for the detrital tourmalines in the 

Mavuco area. 

 

4.4.5 The MAV 22 sample from the “Marina” pegmatite (Alto Ligonha 

pegmatite district): a further confirmation on the origin of the detrital 

tourmaline samples from the secondary deposit of Mavuco 

 

Chemical composition 

The MAV 22 sample is a tourmaline crystal of about 7 cm in length characterized 

by a thick (up to 4 mm) black late-stage overgrowth developed all over the 

tourmaline surfaces, from the analogous to the antilogous pole, including the 

prism faces. The analogous and antilogous overgrowths show a different textural 

characteristic: acicular at the analogous pole, and more compact at the steep 

pyramidal faces of the antilogous pole (Figura 4.39). The prismatic overgrowth 

mainly shares the same textural features of the antilogous one.  

 
 

Figure 4.39. MAV 22 sample from the “Marina” pegmatite, Alto Ligonha, Mavuco, 

Mozambique. Crystal 70 mm across. 
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Once cut as thin section along the growth direction (c-axis), the prismatic section 

of the sample reveals a brownish coloration, darker in the direction of the 

antilogous pole, surrounded by a thick black rim corresponding to the whole 

overgrowth. 

On the basis of the variation in chemical homogeneity, the sample was divided in 

different zones. Initially, the sample was partitioned in three areas: two related to 

the analogous and antilogous overgrowths, respectively, and one to the prismatic 

section of the crystal. The area corresponding to the antilogous overgrowth was 

labeled “OGanti”, while that of the analogous overgrowth was labeled “OGana”. The 

overgrowth and prismatic regions were further subdivided in chemically 

homogenous zones, labeled by adding a progressive numerical suffix in the 

direction of the analogous pole. This subdivision is mainly the result of the 

variation in the amount of FeO, MgO and MnO. The “OGanti” region was divided 

in three zones, and the prismatic section of the crystal in four zones with the latter 

one representing a short transition towards the analogous overgrowth region. The 

“OGana” region was instead divided in ten zones. 

Figure 4.40 displays the pattern of selected elements (as wt% oxides) determined 

along the considered traverse parallel to c-axis, from the analogous to the 

antilogous pole. To highlights the chemical variation, Figures 4.41 and 4.42 

displays the patter of selected oxides relative to the “OGanti”, “OGana” and 

prismatic regions, respectively. Tables 4.20, 4.21A,B and 4.22 summarize the 

chemical composition in wt%, apfu and the relative empirical chemical formulae 

of each zone in which the antilogous, analogous and prismatic regions, 

respectively, were subdivided.  

Considering the chemical pattern along the whole crystal (Fig. 4.40), it can be 

pointed out that, while the prismatic section is enriched in MnO, the overgrowths 

are characterized by an increased amount in FeO, MgO and TiO2, which are much 

less abundant in the prismatic region. However, the two overgrowths show quite 

a difference in the relative amount of FeO and MgO. The “OGanti” is characterized 

by a similar content in MgO and FeO (⁓ 8 wt%), while in the “OGana” FeO is much 
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higher than MgO, reaching values around 20 wt%. Additionally, the “OGana” 

contains a very low amount in F (< 0.4 wt%). On the contrary, the “OGanti” contains 

the highest amount of F, reaching values up to 1.7 wt%. 

 

 
 

Figure 4.40. EMP analysis of the MAV 22 sample along a straight traverse parallel to the c-

axis (only selected oxides are reported. See Tables 4.20-4.22 for complete chemistry. 
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Figure 4.41. Close-up of the chemical composition of antilogous (OGant) and analogous 

(OGana) overgrowths in the MAV 22 sample (only selected oxides are reported). See Tables 

4.20 and 4.21A,B for complete chemistry. 

 

 
Figure 4.42. Close-up of the chemical composition of the prismatic section (P) in the MAV 

22 sample (only selected oxides are reported). See Table 4.22 for complete chemistry. 
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The high content in FeO that characterize both the overgrowths required the 

evaluation of Fe oxidation state. To obtain this information, small amounts of 

material from the antilogous and the analogous overgrowths were subject to 

Mössbauer analysis using a conventional spectrometer system equipped with a 10 

mCi point source and operated in constant acceleration mode. Results are shown 

in Fig. 4.43 and summarized in Table 4.23. The final fitting model of the obtained 

spectra indicate that the antilogous overgrowth is characterized by Fe3+/FeOtot-ratio 

of 0.48, while the analogous overgrowth is richer in Fe3+, with a Fe3+/FeOtot-ratio 

ranging from 0.56 to 0.51. 

 

Figure 4.43. Room temperature 57Fe Mössbauer spectra for the analogous (A) and 

antilogous (B) overgrowths of MAV 22 sample. For the analogous overgrowth (A), fitted 

absorption doublets assigned to Fe2+ are indicated in blue, Fe3+ in red, and Fe2.5+ due to 

electron delocalization in green. Diamonds denote measured spectrum, and black curve 

represents summed fitted spectra. For the antilogous overgrowth (B), Lorentzian 

absorption doublets assigned to Fe2+ are represented by neon-green, light-green and light-

blue colore areas. The dark-green colored area refers to the assignment of Fe3+. Dots 

denote measured spectrum, and thick red curve represents calculated spectrum. 
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A closer view of the “OGanti” region is reported in Fig 4.39 left panel. This region 

was divided in three zones (“OGanti1”, “OGanti2” and “OGanti3”), and a very short 

transition area (“OGantiT”) connecting to the prismatic region. The “OGanti” region 

is characterized by a low content in MnO, constantly below 1 wt%, which raises in 

correspondence of the transition to the prismatic section (“OGantiT”). As above 

mentioned, FeO and MgO are abundant and quite similar in concentration. 

However, a sharp decrease in MgO content can be observed in the “OGanti3”  and 

“OGantiT” zones. 

Despite the variation in MgO content, the relative abundance of this element (> 3 

wt%), coupled with a significant amount of F (> 0.9 wt%) and NaO (> 2.9 wt%) (Fig 

4.41 left panel and Table 4.20), led to the antilogous overgrowth classified as fluor-

dravite. The presence of high concentration in FeO (⁓ 8 wt%) and a significant 

amount of TiO2, more than 1 wt%, are surely responsible for the blackish 

coloration of this overgrowth.  

The prismatic region was divided in three zones (“P1”, “P2” and “P3”) and a short 

transition area connecting to the analogous overgrowth (“PT”) (Fig. 4.42). The 

prismatic region of the crystal is characterized by a lower content in FeO, MgO 

and TiO2 compared to the overgrowths, while MnO content is higher. However, 

MnO amount decreases along the prismatic section, allowing its subdivision in 
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three zones characterized by different MnO content: P1 zone with ⁓ 3.5 wt% MnO, 

P2 zone with ⁓1.5 wt% MnO and P3 with less than 0.5 wt% MnO.  This decrease is 

responsible of the fading of the brownish coloration displayed by the prismatic 

region, in the direction of the analogous overgrowth. In the short transition area to 

the analogous overgrowth (“PT”), a rapid increase in Mg and Fe content can be 

observed, with MgO reaching values up to 7 wt% and FeO of 8 wt%. At the same 

time, a considerable decrease in the F content, from an average value of ⁓1.3 wt% 

to 0.2 wt%, can be observed. On the basis of the chemical composition, “P1”, “P2” 

and “P3” zones can be classified as fluor-elbaite (Fig 4.42 and Table 4.22). On the 

other hand, the composition of the “PT” zone corresponds to a dravite. 

In Figure 4.41 right panel is highlighted the chemical composition of the “OGana” 

region. As stated above, this part of the crystal is characterized by the highest 

content in FeO, which reaches values up to 24 wt%. The analogous overgrowth is 

also enriched in MgO, ranging from 4 w% to 5 wt%, and TiO2 with values up to 2 

wt%. On the contrary, the content in MnO and F are very low.  

The analogous overgrowth is characterized by an uneven content in Fe, Ti and 

Mg: TiO2 values range from 0.2 wt% to 2 wt%, while FeO content ranges from 12 

wt% to 24 wt%, with a calculated Fe3+/FeOtot-ratio ranging from 0.55 to 0.51. A less 

extent in variability can be observed for MgO. Based on this peculiar behavior, the 

analogous overgrowth can be divided in at least ten different zones with a relative 

homogenous composition. In addition, a trend in the decrease in FeO characterizes 

the end of the crystal. A tentative to identify the tourmaline species to which the 

different zones belong, gave unpredictable results. In fact, most of the zones 

showed a composition that did not converge to any currently approved 

tourmaline species. The only zones, which composition agree with a previously 

described species are the Z1, Z4, Z5 and Z9. These zones show an high content in 

FeO, with an average value ranging from 18 wt% to 22 wt%, as well as the higher 

content in TiO2 considering all the analogous region. Iron and Ti content, coupled 

with a significant amount of Na (NaO > 2.7 wt%) and a Fe3+/FeOtot-ratio > 0.50, led 

to classify these zones as dutrowite [ideally,Na(Fe2+
2.5Ti0.5)Al6(Si6O18)(BO3)3(OH)3O], 
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as the composition of these zones correspond to Fe-rich and Ti-rich oxy-

tourmaline species (Fig 4.41 right panel and Tables 4.21A,B).  

Differently, the Z2, Z3, Z6 and Z8 zones are still characterized by a high content in 

FeO, with an average value between 16 wt% to 20 wt% and a Fe3+/FeOtot-ratio > 

0.50, but a slight lower content in Ti (TiO2 < 1 wt%) (Fig 4.41 right panel and Tables 

4.21A,B). The interesting aspect of these zones is that their chemical composition 

does not fit to any currently approved tourmaline species, and chemical, 

spectroscopic and crystal-structure refinement results lead to a new tourmaline 

species (ferro-bosiite), ideally NaFe3+
3(Al4Fe2+

2)(Si6O18)(BO3)3(OH)3O, recently 

approved by the IMA-CNMNC (proposal n. 2022-069) (see Annex A). 

The zones Z7 and Z10 show the lowest amount of FeO, with an average value of 

13 wt% and a Fe3+/FeOtot-ratio > 0.50, a low content in Ti (TiO2 < 1 wt%), and the 

highest amount of Mg (MgO ⁓ 5 wt%) (Fig 4.41 right panel and Tables 4.21A,B). 

On the basis of the chemical composition, these zones can be ascribed as 

tourmalines belonging to Fe- and Mg-rich oxy-species. As the above described 

zones (Z2, Z3, Z6 and Z8), the composition does not fit with any currently 

approved tourmaline species. However, further studies are required before a 

proposal for a new mineral species can be put forward. 

As for the antilogous overgrowth, the high abundance in FeO and TiO2, which 

characterized the analogous overgrowth, is surely responsible for its blackish 

coloration. 

 

Minerogenersis and evolution of the black overgrowth in the MAV 22 sample from 

the “Marina” pegmatite (Alto Ligonha pegmatite district) 

The MAV 22 sample was found in a giant collapse cavity (about 12 m in size) 

discovered in the “Marina” granitic pegmatite and hosted in meta-amphibolites. 

The cavity was discovered a few years ago during a downdip exploration of the 

pegmatite, which resulted in excavation of a large open-pit that continues into 

some tunnels. At the depth of about 25 m, such giant collapsed cavity was 

encountered. It appeared mostly filled with collapsed crystals and rocks partially 
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cemented by a late-stage thick crust of whitish chalcedony. The collapsed material 

is mostly composed by cleavelandite (in large “pillows”), large milky quartz 

crystals in aggregates up to over a ton in weight, and several hundreds of kilos of 

yellow to pink tourmaline crystals, from few cm up to about 20 cm, covered by a 

thick black tourmaline overgrowth. The tourmaline crystals found in the cavity, 

suffered damaging and broke off from the matrix during the pocket collapse. 

Among the other minerals found in the collapsed materials, it is noteworthy to 

mention the occurrence of several tens of kilos of native bismuth, purple fluorite in 

octahedral crystals up to 20 cm across, and apatite. After the partial removal of the 

collapsed materials, the cavity shows to be over 12 m long and up to 5-6 m wide. 

The vertical development of the original cavity is uncertain, as the collapse 

affected progressively the roof of the pocket, the intermediate and the border 

zones of the pegmatite, and finally the amphibolitic metamorphic hosting rock. 

The collapse structure is vertically developed for at least 10−12 m.  

The main feature that distinguishes the MAV 22 sample is the presence of a thick 

black overgrowth occurring not only at the analogous termination but extending 

all over the prism faces covering also the steep pyramidal faces at the antilogous 

pole. The formation of such a developed overgrowth is surely related to a 

dramatic change in the chemical composition of the crystallization environment. 

Structural and paragenetic observations of the cavity in which this tourmaline 

crystal was collected, provide evidences that this change is related to an intense 

and widespread fracturing of the cavity, which culminated with the subsequent 

collapse of the pocket roof. During the early-stages of pocket rupture, the highly 

reactive cavity fluids penetrated the fractures propagating in the enclosing 

pegmatite and leached the primitive Fe/Mg-rich minerals hosted in the 

intermediate and the border zones of the pegmatite. Then, the subsequent 

propagation of the fracturing phenomenon, allowed the collapse of the 

amphibolitic metamorphic host rock, which reacted with the residual cavity fluids, 

thus releasing large amounts of Fe and Mg in the system. The great availability of 

Fe and Mg allowed the formation of a thick (up to 3-4 mm) late-stage black 
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overgrowth of MAV 22 sample, which developed all over the tourmaline surfaces, 

including the prism faces, the steep pyramidal faces at the antilogous pole and the 

broken surfaces. 

In this case, the pocket collapse was associated to oxidizing conditions as 

supported by the high Fe3+/Fetot ratio (> 0.50) observed at the analogous 

termination of MAV 22 sample. The analogous overgrowth is characterized by a 

very high content in Fe (FeO up to 24 wt%), which decreases at the end of the 

termination to values of ⁓12 wt%. This decrease is consistent with the reduced Fe 

availability in the system caused by the uptake of this element by the tourmaline 

crystallization. Additionally, the antilogous overgrowth is characterized by a 

lower Fe concentration (FeO ⁓ 8 wt%), supporting the further decrease in the 

availability of this element in the late-stage fluids. On the other hand, the MgO 

availability did not change too much during the entire overgrowth formation, as 

result of the abundance of Mg-rich minerals in the amphibolite rock that collapsed 

within the cavity. The very low content in Mn recorded in both the overgrowth 

compared to the prismatic section of the crystal (MnO up to 4 wt%), is linked to 

the leaching and corrosion of Mg-bearing apatite. When tourmaline and apatite 

co-crystallize in the early-stage of cavity evolution, Mn-enrichment in tourmaline 

reaches significant levels, as apatite is a fairly-competitive mineral for Mn. 

Consequently, the chemical alteration of Mn-bearing apatite during the late-stage 

of tourmaline crystallization is responsible for the release of low amount of Mn in 

the system. 

The presence of a prismatic overgrowth in the MAV 22 sample, as well as the 

finding of further tourmaline crystals covered by a similar thick black overgrowth 

in the same cavity of MAV 22 sample, further strengthen the hypothesis that the 

“Marina” pegmatite is a primary source of the detrital tourmalines found in the 

Mavuco secondary deposit, which are mostly characterized by the presence of a 

prismatic dark-colored overgrowth. Additionally, the study of this very peculiar 

tourmaline, as well as the cavity in which it was formed, provide further 

information regarding the mechanism underlying the genesis of the dark-colored 
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overgrowths, not only at the termination of the tourmaline crystals, but also all 

over the crystal surfaces from the analogous to the antilogous pole, including the 

prism faces. 

 

4.5 Conclusions 

The in-depth study on several tourmaline samples from the secondary deposit of 

Mavuco, allowed a detailed characterization of their chemical composition, which 

was correlated to the color displayed. Chemical data indicate that all the studied 

samples are characterized by a CuO content that never exceeds 1 wt%. Despite the 

moderate concentration, Cu is able to contribute as color-causing agent especially 

in those zones where its value approaches 1 wt% (e.g. MAV 6 blue-green core 

zone and MAV 5). Furthermore, EMPA data revealed that most of the detrital 

tourmalines are of fluor-elbaite composition. This is the evidence that the 

tourmalines from the secondary deposit of Mavuco do not belong only to elbaite 

species, as had been assumed in previous studies (e.g., Laurs et al., 2008), but also 

to different species, including fluor-liddicoatite (OG of MAV 6 sample). A 

correlation study between chemical composition by EMP analysis and color 

displayed by the studied tourmaline samples, allowed identifying the gemological 

variety to which the core zone of these grains belong. Specifically, in the secondary 

deposit of Mavuco, tourmalines belonging to indicolite, canary tourmaline, Paraiba-

type and “Cu-bearing rubellite” varieties were identified. In addition, for selected 

samples with particular chromatic features and different Cu/Fe-ratio (MAV 5, 

MAV 6 and MAV 10), it was possible to determine through OAS analyses the 

atomic mechanisms that regulate the tourmalines color appearance. 

Chemical analysis on MAV 21 tourmaline sample from the “Marina” granitic 

pegmatite confirmed the presence of Cu in this crystal. Moreover, the amount of 

Cu detected in this sample is comparable with that of the detrital tourmalines. The 

presence of Cu supports the hypothesis that the “Marina” pegmatite represents a 

source from which the detrital tourmalines of the secondary deposit of Mavuco 
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were originated. Thus, the “Marina” pegmatite can be considered a primary 

deposit for Cu-bearing (Paraiba-type) tourmalines and its further exploration can 

be economically advantageous. 

MAV 22 sample is characterized by the presence of a peculiar late-stage black 

overgrowth covering all over the crystal surfaces, including the prism faces and 

the antilogous pole, which chemical and morphological features are similar to 

those observed in most of the detrital tourmalines from the secondary deposit of 

Mavuco. The presence of such an extended overgrowth, further strengthen the 

hypothesis that “Marina” pegmatite is a primary source of the detrital tourmalines 

in the Mavuco area. Furthermore, chemical and spectroscopic characterization of 

the MAV 22 sample, along with structural and paragenetic observations of the 

miarolitic cavity in which the tourmaline crystal was collected, allowed extend the 

genetic model already proposed for Elba tourmaline crystals to the prismatic dark 

overgrowths, which characterize the tourmaline crystals from the Alto Ligonha 

pegmatitic district. In this latter case, structural and paragenetic observations of 

the giant cavity in which the MAV 22 tourmaline crystal was collected (about 12 m 

in size), provide evidences that the changes in the chemical composition of the 

crystallization environment are related to an intense and widespread fracturing of 

the cavity, which culminated with the subsequent collapse of the pocket roof. The 

great availability of Fe and Mg in the pocket environment allowed the formation 

of a thick (up to 3-4 mm) late-stage black overgrowth developed all over the 

tourmaline surfaces, covering the prism faces. 
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5. CONCLUDING REMARKS 

The color anomalies are sharp transitions to dark color at the termination and, in 

some cases, along the prismatic faces of tourmaline crystals, which are associated 

with a sudden increase in Fe and/or Mn. The formation of such dark-colored 

overgrowths is related to a sudden physicochemical change in the geochemical 

system during the latest-stages of tourmaline crystallization. However, the 

detailed events that led to the availability of Fe and/or Mn in the pocket 

environment, resulting in the growth of late-stage tourmalines, were unclear. The 

goal of this Ph.D project is the definition of a model for the genesis of the dark-

colored overgrowths in pegmatitic gem tourmaline crystals. Since tourmaline is an 

excellent petrogenetic indicator, the origin and the chemical composition of fluids 

involved in the tourmaline crystallization, responsible for such color anomalies, 

were also investigated. 

Eleven tourmaline samples from different miarolitic Li-bearing pegmatites located 

in the eastern border of Monte Capanne monzogranite pluton, between the 

villages of San Piero and San’t Ilario in Campo (Elba Island, Italy), were studied. 

All these tourmalines are characterized by a dark overgrowth at the termination 

ranging from blackish, brownish, purplish-red to bluish colors. Compositional 

data were collected with electron microprobe along a straight traverse parallel to 

the c-axis from the base to the termination of each crystal using an average step 

size of 300 μm, except at the overgrowths, where the step size was reduced to 

about 150 μm, to capture more fine-scale details. A total of 400 spot analyses were 

collected. Iron oxidation state was determined in selected Fe-rich overgrowths by 

Mössbauer spectroscopy. On the basis of the chemical data and color displayed, 

each sample was divided in different zones relatively homogeneous in 

composition. Then, for each zone, the mineral formula was assessed. It is 

interesting to point out that during this chemical characterization activity, a new 

mineral species of the tourmaline supergroup was discovered: celleriite, ideally 

□(Mn2+
2Al)Al6(Si6O18)(BO3)3(OH)3(OH). It was found in the Rosina pegmatite (San 

Piero in Campo, Elba Island, Italy) and occurs as chemically homogeneous, 
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millimetric to sub-millimetric zones within the analogous pole of a zoned 

tourmaline crystal. This new mineral species was approved by the Commission on 

New Minerals, Nomenclature and Classification (CNMNC) of the International 

Mineralogical Association (IMA), proposal n. 2019-089 (Bosi et al., 2022a).  

In general, chemical analysis revealed that the termination of each crystal is 

characterized by a sharp increase in Fe and/or Mn that is responsible for the color 

variation at the analogous pole. However, in some tourmaline samples, the 

increase in Fe/Mn is quite significant (MnO > 5 wt% and FeO > 2 wt%) to 

determine not only a color change, but also the evolution from an initial elbaite/F-

elbaite composition to celleriite, foitite or schorl at the crystal termination. Such 

increase in Fe/Mn suggests that a sudden chemical variation in the crystallization 

environment, with a new supply in Fe/Mn during the latest stages of tourmaline 

growth, occurred. The increase in Fe and Mn is consistent with the substitution of 

Li and Al at the Y site of the tourmaline structure. However, this substitution can 

occur in different ways according to whether Fe and Mn totally or partially replace 

Li and Al. In the crystals from Elba, a partial substitution occurred at Y, according 

to the simplified mechanism (1.5Li+ + 0.5Al3+) ↔ 2(Mn2+,Fe2+). As this substitution 

determines a total charge variation, it needs to be balanced by a cation vacancy (□) 

replacing Na at the X site: Na+ + (1.5Li + 0.5Al)Σ3+ ↔ □+ 2(Mn,Fe)Σ4+.  

Results obtained, along with structural and paragenetic observation of the cavities 

in which the tourmaline samples were collected, provide evidence that the 

formation of the observed dark-colored overgrowths is the result of a pocket 

rupture. This event is further supported by the crystal-chemical features of an 

elbaitic multicolored tourmaline crystal found in the cavity naturally broken in 

two fragments and characterized by dark-colored overgrowths, respectively 

purplish-red at the analogous pole, and yellow-orange at the antilogous pole. On 

the basis of results obtained, the pocket rupture was responsible for the breakage 

of this crystal, resulting in the formation of new growth surfaces in the direction of 

the analogous and the antilogous pole on which Mn-rich overgrowths were 

formed (Altieri et al., 2023). The crystal breakage strengthens the hypothesis that 
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the cavity has undergone a mechanical destabilization before overgrowths 

formation. Consequently, the studied tourmaline crystal fragments preserved 

important records not only in terms of compositional variations of the 

geochemical system represented by the dark overgrowths, but also in the 

mechanical events, i.e. the crystal breakage. In the same work, a comparison of the 

overgrowths at the analogous and antilogous poles provides evidence of a 

preferential incorporation of particular elements at the growth surfaces. Beside the 

preferential uptake of Ca, F and Ti at the antilogous pole, already described in 

literature, we report for the first time a further preference at level of the ionic 

charge of the same element (Altieri et al., 2023). In fact, OAS data show a selective 

uptake of Mn2+ at the antilogous pole in the presence of a substantial amount of 

Mn3+ ions, which preferred the analogous one.  

On the basis of the overall data obtained, we clearly correlate structural 

information (i.e., fracturing of the pocket and breakage of tourmaline crystals) to 

the late-stage tourmaline growth, allowing us to define a genetic model for the 

dark-colored overgrowths in Elba tourmaline crystals. The event of pocket 

rupture, probably related to a rigid mechanical shock to which the cavity 

underwent, caused, for instance, by a thermal contraction during pegmatite 

cooling, led to mechanical brittle deformations of the enclosing pegmatite through 

the formation of late-stage fractures. This condition allowed the highly reactive 

late-stage cavity fluids to permeate the fractures surrounding the cavity, where the 

early-crystallized cavity-lining and cavity-coating Fe- and Mn-rich minerals were 

formed. Leaching and corrosion processes ascribed to the late-stage cavity fluids 

led to the hydrothermal alteration of such minerals, with the subsequent release of 

Fe and/or Mn in the system, causing a sudden change in the chemical composition 

of the pocket environment. Based on the size of the cavity, the extent of the 

fracturing phenomena and the consequent leaching processes, as well as the 

relative abundance of different primitive minerals in the enclosing pegmatite 

(such as biotite and spessartine, which are typical paragenetic minerals in Elba 

pegmatites), the chemical composition of the residual cavity fluids underwent a 
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variation in concentration in Fe and Mn. This can result in a simple color change 

up to a chemical evolution from an initial elbaite/F-elbaite composition to foitite, 

celleriite or schorl at the termination of the tourmaline crystals. For instance, in the 

case of the “blue-cap” tourmalines, found in small cavities within the San Silvestro 

and Fucili veins, compositional analyses revealed that the blue coloration of these 

crystals is related to a  slight enrichment in Fe2+ (Altieri et al., 2022). In addition, 

the presence of Fe only in the divalent state suggests persisting reducing 

conditions in the pocket environment. This interpretation is consistent with a 

partial opening of the cavity system associated to minor fracturing phenomena 

(Altieri et al., 2022). On the contrary, in the cavities where the “dark cap” crystals 

were formed, more extensive fracturing phenomena associated with the presence 

of abundant Fe/Mn-rich primitive minerals in the enclosing pegmatite, allowed 

the release of high amounts of Fe/Mn to the residual cavity fluids. In these 

conditions, a chemical evolution at the analogous termination of the tourmaline 

crystal occurred. Depending on the prevalence of Fe or Mn, the overgrowth can 

result in celleriite (Rosina and San Silvestro pegmatites), foitite (Pastori pegmatite) 

or schorl (Federico pegmatite) compositions. A similar scenario occurred in a 

cavity of the Rosina pegmatite where a tourmaline crystal, found naturally broken 

in two fragments and characterized by late-stage Mn-rich dark-colored 

overgrowths, respectively purplish-red at the analogous pole (Mn3+ dependent), 

and yellow–orange at the antilogous one (Mn2+ dependent), was collected (Altieri 

et al., 2023). In this case the partial collapse of the cavity allowed not only an 

intense leaching and corrosion of the primitive Mn-rich in the enclosing pegmatite, 

but also the breakage of the crystal with the formation of two new growth 

surfaces. However, the extent of Mn in the residual cavity fluid was not sufficient 

to determine a chemical evolution at the crystal termination. Thus, the 

mineralogical species remain elbaite/F-elbaite. The presence of Mn of both in the 

redox state +3 and +2 suggests that corrosion and alteration phenomena occurred 

in a relatively oxidizing environment.  

Sixteen tourmaline grains collected from the secondary deposit of Mavuco in the 
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Alto Ligonha pegmatite district were studied. The samples collected were found 

as waterworn grains with a sub-angular to sub-rounded shape. Most of them 

show a dark-colored prismatic overgrowth that surrounds completely, or in part, a 

multicolored core ranging from blue, green, yellow to purple-red, even within the 

same crystal. Compositional data were collected with electron microprobe along a 

straight traverse perpendicular to the c-axis with an average step size of 300 μm 

for a total of 501 spot analyses. The traverse analyzed in each sample included, 

when occurring, all the dark-colored overgrowths. In addition, to gain information 

on the mechanisms underlying the color displayed by the core regions of the 

tourmaline grains, optical absorption spectroscopy analyses in the UV-Vis region 

were performed on selected samples with particular chromatic features. The in-

depth study on these tourmaline grains, allowed a detailed characterization of 

their chemical composition, which was correlated to the color displayed. Chemical 

data indicate that all the studied samples are characterized by a CuO content that 

never exceeds 1 wt%. Despite the moderate concentration, Cu is able to contribute 

as color-causing agent especially in those zones where its value approaches 1 wt%. 

Furthermore, EMPA data revealed that most of the detrital tourmalines are of F-

elbaite composition. This is the evidence that the tourmalines from the secondary 

deposit of Mavuco do not belong only to elbaite species, as assumed in previous 

studies, but also to different species, including fluor-liddicoatite. A correlation 

study between chemical composition by EMP analysis and color displayed by the 

studied tourmaline samples, allowed identifying the gemological variety to which 

the core zone of these grains belong. Specifically, in the secondary deposit of 

Mavuco, tourmalines belonging to indicolite, canary tourmaline, Paraiba-type and 

“Cu-bearing rubellite” varieties were identified.  

Compositional analysis was extended to two tourmaline crystals from the 

“Marina” granitic pegmatite (MAV 21 and MAV 22). The presence of Cu in MAV 

21 sample, which amount is comparable with that of the detrital tourmalines, 

supports the hypothesis that the “Marina” pegmatite represents a source from 

which the tourmaline grains of the secondary deposit of Mavuco were originated. 



224 
   

Thus, the “Marina” pegmatite can be considered a primary deposit for Cu-bearing 

(Paraiba-type) tourmalines and its further exploration can be economically 

advantageous. The MAV 22 sample is characterized by the presence of a peculiar 

late-stage black overgrowth covering all over the crystal surfaces, including the 

prism faces and the antilogous pole, which chemical and morphological features 

are similar to those observed in most of the detrital tourmalines from the 

secondary deposit of Mavuco. The presence of such an extended overgrowth, 

further strengthen the hypothesis that “Marina” pegmatite is a primary source of 

the detrital tourmalines in the Mavuco area. Furthermore, chemical and 

spectroscopic investigations on the MAV 22 sample, along with structural and 

paragenetic observations of the miarolitic cavity in which the tourmaline crystal 

was collected, allowed extend the genetic model already proposed for Elba 

tourmaline crystals to the prismatic dark overgrowths characterizing the 

tourmaline crystals from the Alto Ligonha pegmatitic district. 

In this latter case, structural and paragenetic observations of the giant cavity in 

which the tourmaline crystal was collected (about 12 m in size), provide evidences 

that the change in the chemical composition of the crystallization environment is 

related to an intense and widespread fracturing of the cavity, which culminated 

with the subsequent collapse of the pocket roof. In this scenario, the collapsed 

amphibolitic host rock, reacting with the residual cavity fluids, allowed the release 

of large amounts of Fe but also Mg in the system (FeO up to 24 wt% and MgO up 

to 8 wt%). This condition, associated with a long lasting late-stage tourmaline 

crystallization ensured by B, which must be still present in the residual fluids of 

the cavity, allowed for the development of a thick (up to 3-4 mm) late-stage black 

overgrowth covering all over the tourmaline surfaces that characterize the MAV 

22 sample. In this case, the pocket collapse was associated to oxidizing conditions 

as supported by the high Fe3+/Fetot ratio (> 0.50) observed at the analogous 

termination of MAV 22 sample. Moreover, the chemical composition of the 

analogous overgrowth does not fit to any currently approved tourmaline species, 

and chemical, spectroscopic and crystal-structure refinement results lead to a new 
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tourmaline species, ferro-bosiite, ideally NaFe3+
3(Al4Fe2+

2)(Si6O18)(BO3)3(OH)3O, 

recently approved by the IMA-CNMNC (proposal n. 2022-069). 

In this study, the cavity-lining and cavity-coating minerals responsible for the 

Fe/Mg and Mn supply in the residual cavity fluids were identified. While biotite is 

the main Fe/Mg-source in Elba aplite-pegmatite dikes, both biotite and 

ferromagnesian amphiboles are accounted for Fe/Mg supply in the petrogenetic 

systems of the Mavuco area.  

Also regarding Mn-supply, more than one Mn-source can be recognized. In the 

petrogenetic system of Elba pegmatites, spessartine garnet is responsible for both 

Mn depletion and release in the chemical environment, being the main regulator 

of Mn levels during the evolution of the pegmatite system. This is consistent with 

the low content in Mn in the early-stage of tourmaline crystallization, because of 

the high degree of Mn incorporation in spessartine garmet. On the other hand, 

spessartine etching results in high availability of Mn ions in the chemical 

environment, with the consequent formation of unusual Mn-rich dark-colored 

overgrowths. Differently, the petrogenetic system of the Mavuco area is 

characterized by the presence of two Mn-bearing minerals, spessartine garnet and 

apatite, which behave as highly- to fairly-competitive minerals for Mn, 

respectively. Thus, the initial content of Mn in tourmaline is directly dependent on 

the abundance of Mn in the pegmatitc melt and the crystallization of spessatine 

garnet or apatite. The degree of Mn availability in response to the cavity opening 

is also related to the presence of spessartine or Mn-bearing apatite crystals. 

The results obtained in this PhD research improved the knowledge on the opening 

of geochemical systems in which tourmaline crystallized, and allowed the 

definition of a model for the genesis of the dark-colored overgrowths in pegmatitic 

tourmaline crystals. This model can likely be exported to explain the late-stage 

color and composition anomalies in gem tourmaline crystals of many other gem-

pegmatite deposits in the world. 
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7. ANNEXES  

7.1 Annex A 

During my PhD research activity, I had the opportunity to identify three new 

mineral species of the tourmaline supergroup. For each of them, a proposal for 

introducing the possible new mineral was submitted for approval to the IMA-

CNMNC (International Mineralogical Association-Commission on New Minerals, 

Nomenclature and Classification).  

The new tourmaline species identified are: 

 2019-089 Celleriite  

Ideal chemical formula: □(Mn2+
2Al)Al6(Si6O18)(BO3)3(OH)3(OH)  

It was discovered in a wide miarolitic cavity of the Rosina pegmatite, San 

Piero in Campo, Elba Island (Tyrrhenian Sea, Italy), and occurs as a 

millimetric brownish overgrowth at the analogous pole of an elbaite−fluor-

elbaite−rossmanite crystal. In the Rosina pegmatite, celleriite grew during 

the latest-stage of the pegmatite cavity evolution, after an event of pocket 

rupture. 

This new mineral species was approved by the Commission on New 

Minerals, Nomenclature and Classification (CNMNC) of the International 

Mineralogical Association (IMA), proposal n. 2019-089. 

After the approval, a manuscript on this new tourmaline species was 

drafted and consequently published in a peer-reviewed international 

journal (see Annex B).   

 2020-056 Princivalleite  

Ideal chemical formula: Na(Mn2+
2Al)Al6(Si6O18)(BO3)3(OH)3O 

It was discovered in the Veddasca Valley, Luino area, Varese (Lombardy, 

Italy), at the centre of a small vertical pegmatitic vein (2–3 cm wide and few 

metres long) crosscutting a lens of flaser gneiss, and occurs as aggregates of 

azure crystals up to 1 cm long. Princivalleite from Veddasca Valley is a 

geochemical anomaly, originated in a B-rich and peraluminous anatectic 

pegmatitic melt formed in situ, poor in Fe and characterized by reducing 
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conditions in the late-stage metamorphic fluids derived by the flaser gneiss. 

The Mn-enrichment in this new tourmaline is due to absence of other 

minerals competing for Mn such as spessartine garnet. 

This new mineral species was approved by the Commission on New 

Minerals, Nomenclature and Classification (CNMNC) of the International 

Mineralogical Association (IMA), proposal n. 2020-056. 

After the approval, a manuscript on this new tourmaline species was 

drafted and consequently published in a peer-reviewed international 

journal (see Annex C).   

 2022-069 Ferro-bosiite 

Ideal chemical formula: NaFe3+
3(Al4Fe2+

2)(Si6O18)(BO3)3(OH)3O 

It was discovered in a giant collapsed cavity of about 12 m in size, in the 

“Marina” granitic pegmatite, at the Mavuco locality (Alto Ligonha, 

Mozambique), and occurs as a thick (up to 4 mm) and chemically 

inhomogeneous black acicular late-stage overgrowth at the analogous pole 

of a fluor-elbaite crystal. The genesis of Ferro-bosiite in the “Marina” 

pegmatite is related to an event of pocket collapse within a giant miarolitic 

cavity. Such dramatic event led the collapsed material, composed among 

other accessory minerals by biotite crystals, to react with the cavity fluids 

within the pocket. This led to a massive release of Fe into the fluids, in a 

new crystallization environment characterized by oxidizing conditions. 

This new mineral species was approved by the Commission on New 

Minerals, Nomenclature and Classification (CNMNC) of the International 

Mineralogical Association (IMA), proposal n. 2022-069. 

After the approval, a manuscript on this new tourmaline species has been 

planned to draft.   

The front pages of the announcement of the discovered new minerals, published 

in the European Journal of Mineralogy under the heading of a CNMNC Newsletter, 

are collected in this section. 
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7.2 Annex B 

Here are collected the publications related to my PhD project. 

 

The first paper provides a detailed crystal-chemical characterization of 

celleriite, a new tourmaline species from the Rosina pegmatite, San Piero in 

Campo, Elba Island (Tyrrhenian Sea, Italy). Insights on its minerogesis are 

also supplied. 

This paper was published in American Mineralogist (Bosi et al., 2022a).  

 

The second paper reports the first detailed chemical and spectroscopic 

study on tourmaline crystals with blue-growth zones at the analogous pole 

from the San Piero in Campo pegmatites, Elba Island (Tyrrhenian Sea, 

Italy). Furthermore, it contributes to the understanding on the origin and 

chemical composition of fluids involved in tourmaline crystallization, 

which are responsible for the color changes at the analogous termination 

observed in Elba tourmaline crystals. 

This paper was published in Mineralogical Magazine (Altieri et al., 2022), and 

represents the topic of the case study 1 (section 3.3) in this PhD thesis. 

 

The third paper is focused on the crystal-chemical characterization of a 

tourmaline crystal, found naturally broken into two fragments in a wide 

miarolitic cavity of the Rosina pegmatite (San Piero in Campo, Elba Island, 

Italy), and characterized by dark-colored overgrowths at both analogous 

and antilogous poles. This study clearly correlates structural evidences (i.e., 

fracturing of the pocket and breakage of tourmaline crystals) to the late-

stage tourmaline generation. On the basis of structural and paragenetic 

observations of the cavity in which the tourmaline crystal was collected as 

well as chemical and spectroscopic analyses, we propose a genetic model 

for the dark-coloured overgrowths in Elba tourmaline crystals. 

Furthermore, a comparison of the dark overgrowths formed at the 
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analogous and the antilogous poles provides additional information on 

tourmaline crystallization process at the two different poles. This paper was 

published in Mineralogical Magazine (Altieri et al., 2023), and represents the 

topic of the case study 2 (section 3.4) in this PhD thesis. 

The front pages of these publications are attached to this section. 
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7.3 Annex C 

Besides the studies on tourmaline crystals from Elba Island and 

Mozambique, I was involved in research works external to my PhD project.  

 

The first research work in which I collaborated, concerns the crystal-

chemical characterization of a rare tourmaline crystal from the Tzarevskoye 

uranium-vanadium deposit (Karelia, Russia), which represents the second 

world-occurrence of a Cr-rich vanadio-oxy-dravite. In this study, my 

contribution was to provide a compositional overview of Al-V-Cr-Fe3+-oxy-

tourmalines based on the chemical data obtained from the analyzed 

sample, along with those from 102 oxy-tourmaline samples from the 

literature, by developing a new [6]Al-Cr-V-Fe3+ diagram for the classification 

of oxy-tourmalines. The development of this new diagram resulted in 

simplify the oxy-tourmaline nomenclature as it merges the chemical 

information over the octahedrally-coordinated sites (Y and Z) by removing 

the issues of uncertainty associated with cation order–disorder across Y and 

Z. The innovativeness of this new classification diagram relies in the direct 

identification of oxy-tourmalines by using the chemical data alone. 

The results obtained from this study were published in Mineralogical 

Magazine (Bosi et al., 2020).  

 

The second research work to which I contributed, is focused on an azure 

tourmaline crystal from the Curiglia Village (Veddasca Valley, Varese, 

Lombardy, Italy). The blue coloration is one of the most scientifically 

interesting colors in tourmaline crystals, as it can be produced by different 

color-causing agents, such as Fe2+ and/or Cu2+. To investigate on this, and 

determine the cause of azure coloration, I started a chemical and 

spectroscopic study on this particular tourmaline sample. In addition, the 

crystal-chemical characterization of this sample resulted in the 

identification of princivalleite. 
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The results obtained from this study were published in Mineralogical 

Magazine (Bosi et al., 2022b), in which the crystal-chemical characteristics 

and the minerogenesis of princivalleite were detailed described.  

 

The front pages of these publications are attached to this section. 
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