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Abstract
The Campiglia Marittima magmatic-hydrothermal system includes a peraluminous granite, its carbonatic host, and skarn. The 
system evolved generating a time-transgressive exchange of major and trace elements between granite, metasomatic fluids, 
and host rock. The process resulted in partial metasomatic replacement of the granite and severe replacement of the carbon-
ate host rocks. The fluid activity started during a late-magmatic stage, followed by a potassic–calcic metasomatism, ending 
with a lower temperature acidic metasomatism. During the late-magmatic stage, B-rich residual fluids led to the formation 
of disseminated tourmaline–quartz orbicules. High-temperature metasomatic fluids generated a pervasive potassic–calcic 
metasomatism of the granite, with replacement of plagioclase, biotite, ilmenite, and apatite by K-feldspar, phlogopite–chlo-
rite–titanite, titanite–rutile, and significant mobilization of Fe, Na, P, Ti, and minor HFSE/REE. The metasomatized granite 
is enriched in Mg, K, Rb, Ba, and Sr, and depleted in Fe and Na. Ca metasomatism is characterized by crystallization of 
a variety of calc-silicates, focusing along joints into the granite (endoskarn) and at the marble/pluton contact (exoskarn), 
and exchange of HFSE and LREE with hydrothermal fluids. Upon cooling, fluids became more acidic and fluorine activity 
increased, with widespread crystallization of fluorite from disequilibrium of former calc-silicates. At the pluton-host bound-
ary, fluids were accumulated, and pH buffered to low values as temperature decreased, leading to the formation of a meta-
somatic front triggering the increasing mobilization of REE and HFSE and the late crystallization of REE–HFSE minerals.
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Introduction

Metasomatic rocks occur in all continents and are hosted in 
rocks of every type and age, yet they are most commonly 
found within or near carbonate rocks spatially associated 
with magmatic bodies. In the simplest scenario, these depos-
its form by the transfer of heat, fluids, and metals from a 
cooling magma to the surrounding rocks, leading also to 

hydrothermal alteration (skarn—Meinert et  al. 2005). 
Metasomatic-hydrothermal alteration is a complex process 
involving textural, mineralogical, and chemical changes, 
resulting from the interaction of hot aqueous fluids with the 
rocks through which they circulate, under evolving physico-
chemical conditions. Intense circulation of fluids released 
by an igneous intrusion commonly occurs in contact aure-
oles (Harlov and Austrheim 2013; Pirajno 2009). Outline 
geometries and spatial relationships among the main geo-
logical bodies, as well as rock textures, mineral paragen-
esis, and mineral zoning are relevant to reconstruct the 
hydrothermal fluid paths and shed light on the processes of 
fluid–rock interaction and element mobility in a magmatic-
hydrothermal system (e.g., Pirajno 2009, 2013; Harlov and 
Austrheim 2013). As an example, when hydrothermal flu-
ids are channeled out of a granite in a carbonate-rich rock, 
mineral-fluid equilibria become much more complex due to 
the reactive nature of the host rock, generating a wide variety 
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of skarn-replacement deposits at the pluton–host boundary 
(Einaudi et al. 1981).

The magmatic-hydrothermal system of Campiglia Marit-
tima, Tuscany, Italy, has received much attention from min-
eralogists and petrologists during the past decades, mostly 
because it is characterized by multiple igneous bodies 
accompanied by multi-stage hydrothermal products (Vez-
zoni et al. 2016 and references therein). The main intrusion 
(Botro ai Marmi monzogranite) generated contact metamor-
phism and synchronous deformation of the carbonate host 
rock (Vezzoni et al. 2018). At the pluton/marble contact, 
exoskarn occurs as either massive bodies crosscutting the 
contact metamorphic foliation, or selective replacement of 
the ductilely folded layers of the host rock. On the other side, 
calc-silicate endoskarn bodies follow joints in the granite 
pluton connected with the contact exoskarn.

The previous works focused on the identification of the 
wealth of new minerals found at the Botro ai Marmi mine 
site, as well as on the mineralogy of the limestones and the 
associated metasomatic products (skarn) recognized at Botro 
ai Marmi (Barberi et al. 1967; Leoni and Tamponi 1991; 
Biagioni et al. 2013). In contrast, this work investigates in 
detail the spatial, textural, and genetic relationships of the 
metasomatic mineral assemblages at the pluton–marble con-
tact. The present study was undertaken to obtain detailed 
information on these features and relationships: their knowl-
edge is crucial to understand how elements are mobilized by 
hydrothermal fluids between magmatic, metasomatic, and 
metamorphic rocks in a magmatic-hydrothermal system. 
Specific rock-forming processes and their physical condi-
tions are also pivotal to support ongoing petrochronology 
studies. Consequently, this paper is based on a detailed 
textural, mineralogical, and geochemical description of the 
monzogranite, the host carbonate rocks, and metasomatic 
products, which has been carried out in the field, under 
the optical microscope and by QEMSCAN (Quantitative 
Evaluation of Minerals by SCANning Electron Micros-
copy), EPMA (Electron probe micro-analysis), and (LA)-
ICP-MS (Laser-ablation Inductively coupled Plasma Mass 
Spectrometry).

Geological framework

The Campiglia area is characterized by an N–S oriented 
Mesozoic carbonate horst, mainly represented by the car-
bonatic sequence of the Tuscan Nappe (Fig. 1; Vezzoni et al. 
2016). The horst, developed in the inner part of the Apen-
nine thrust-and-fold belt as a consequence of Miocene to 
Recent post-collisional extensional tectonics, is bounded 
by high-angle extensional and strike-slip faults (Acocella 
et al. 2000; Rossetti et al. 2000; Vezzoni et al. 2018). Exten-
sion produced thinning of the crust (∼ 22 km), widespread 

magmatism involving both crustal anatectic and mantle-
derived products, and diffuse hydrothermal–metasomatic 
activity, generating the Campiglia Marittima igneous-hydro-
thermal complex (Barberi et al. 1967; Dini et al. 2005; Vez-
zoni et al. 2016).

The magmatic activity of this complex started during 
the late Miocene (~ 5.44 Ma; Paoli et al. 2017; Paoli 2018), 
when the Campiglia carbonate horst was intruded by the 
Botro ai Marmi peraluminous monzogranite pluton (Fig. 1), 
cropping out where the top of a bulge is quarried in the 
open-pit mine of Botro ai Marmi (~ 0.25 km2). Drilling logs, 
which document occurrence of the pluton at Monte Spinosa 
and Monte Valerio, 3 km south of the outcrop, along with 
geophysical data, are evidence for a larger size of the pluton 
with N–S elongation (Fig. 1). The pluton is characterized 
by a length/width ratio of 3–6, an E–W strongly asymmetric 
profile over an area of about 18 km2 (Vezzoni et al. 2018). 
The magma was emplaced at a depth corresponding to ca. 
0.10–0.15 GPa (Leoni and Tamponi 1991), producing a ther-
mal aureole in the host rock, with temperatures as high as 
500–550 °C at the contact. The previous studies (Barberi 
et al. 1967; Caiozzi et al. 1998; Lattanzi et al. 2001; Rod-
olico 1945) described the main pluton as a monzogranite, 
consisting of quartz, K-feldspar, plagioclase, and biotite, 
along with accessory minerals and late-stage tourmaline.

The large contact metamorphic aureole is pervasively 
deformed, with foliation parallel to the intrusive contact 
and defining a broad antiform with an NE–SW to N–S axial 
plane mimicking the shape of the pluton bulge (Fig. 1; Vez-
zoni et al. 2018). Minor, irregular exoskarn masses occur at 
the pluton–carbonate host contact and as aligned bodies into 
the host rock, while endoskarn bodies are observed inside 
the monzogranite body. Much more voluminous skarn, 
associated with Fe–Cu–Zn–Pb(–Ag) deposits, are found a 
few km E–NE of the pluton outcrop and ~ 1 km above the 
pluton roof in the contact metamorphic white marble (Vez-
zoni et al. 2016). These skarns are crosscut by both mafic 
and felsic porphyritic dykes, all affected by potassic altera-
tion (Vezzoni et al. 2016). A significant Sn deposit is found 
at Monte Valerio, 3 km south of the granite outcrop. The 
closing magmatic–metasomatic event is constrained by the 
emplacement of the felsic porphyritic dykes (whole-rock 
K–Ar age of 4.30 ± 0.13 Ma; Borsi et al. 1967) and by the 
San Vincenzo rhyolite igneous episode (sanidine 40Ar–39Ar 
age of 4.38 ± 0.04 Ma; Feldstein et al. 1994).

Analytical methods

Samples were collected from the uppermost, central, and 
lowermost levels of the outcropping granite, as well as the 
overlying marble (Fig. 1). Mineral investigations (by scan-
ning electron microscopy and analyses by energy dispersive 
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system—SEM–EDS), and major (via X-ray fluorescence—
XRF) and trace element (by inductively coupled plasma 
mass spectrometry—ICP-MS) analyses, as well as porosity 
and density measurement were performed at the Earth Sci-
ence Department, University of Pisa. Automated mineral 

analysis and textural imaging were performed using an FEI 
QEMSCAN Quanta 650F facility at the Earth Sciences 
Department, Geneva University. Mineral chemistry was 
performed at University of Milano, using an electron micro-
probe (EPMA) equipped with five wavelength-dispersive 

Fig. 1  a Morphologies of the contact between the Botro ai Marmi 
pluton and the limestone/marble host, as reconstructed by means of 
the schematic geological map of the Campiglia Marittima area, and 
the interpretive map showing the pluton roof reconstructed by bore-
hole log and geophysical data (modified after Vezzoni et  al. 2016). 
Note the asymmetric pluton roof morphology with an elevation maxi-
mum in the Botro ai Marmi outcrop. Furthermore, the host rocks 
show a strong thickness variation, progressively thicken away from 
the mine and from southern to eastern side (Vezzoni et al. 2016). b 

Geologic map of the Botro ai Marmi mine (full colors indicate lithol-
ogies in outcrop; faint colors indicated inferred lithologies). c Length 
proportional to frequency rose diagrams show the directions of the 
outcropping endoskarn and exoskarn bodies (for method details, see 
Dini et al. 2008). Note the asymmetric pluton roof morphology with 
a maximum in the Botro ai Marmi outcrop. d Interpretive section 
showing lithological distribution with depth and the location of drill 
core (modified after Dini et al. 2013)
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spectrometers and an EDS detector. Detailed analytical 
methods are reported in Supplementary Materials.

Results: petrographic features of the Botro ai Marmi 
magmatic-hydrothermal system

At Botro ai Marmi, the exposed lithologies can be distin-
guished as: (1) cordierite–biotite monzogranite (Crd–Bt 
granite), showing a typical grayish color, found only as 
scattered relict patches along an NE–SW-trending zone 
(Fig. 1); (2) its metasomatized counterpart, a pinkish–whit-
ish, phlogopite–titanite monzogranite (Phl–Ttn granite): it 
covers more than 95% of the pit exposure, and it is the most 
represented lithology down to ~ 400 m (see MS3 borehole 
description); (3) a greenish endoskarn occurring with sharp 
borders along brittle magmatic joints crosscutting the gran-
ite with NE–SW to E–W sub-vertical attitude, and charac-
terized by a complete textural rearrangement (Figs. 1, 2); 
(4) several exoskarn lithotypes linked to the pluton–marble 
contact (Fig. 2), and reflecting the original limestone–marly 
limestone alternation; (5) the host carbonate rock.

A full petrographic description of rock samples from both 
the outcrop and available drill cores is presented, underlining 
the differences between mineralogical paragenesis (Table 1). 
In this work, endoskarn and exoskarn are used as lithologic 
terms and do not strictly refer to their genetic evolution, 
although endoskarn actually replaces igneous rocks and exo-
skarn replaces host rock. Abbreviations for mineral names 
are used according to Whitney and Evans (2010).

Botro ai Marmi mine

Evaluation of the mineral paragenesis is based on field and 
petrographic observations, and SEM–EDS investigations. 
Textural relationships are clearly magmatic (Figs. 3, 4), with 
phenocrysts of K-feldspar occurring as isolated relict crys-
tals displaying dissolution textures (Fig. 3f). Metasomatic 
minerals were recognized on the basis of replacement and 
dissolution/precipitation textures and their occurrence in 
veins (Fig. 4a, e, g). Both the monzogranite and the marble 
are extensively metasomatized and replaced by metasomatic 
calc-silicates (e.g., diopside, vesuvianite, garnet, titanite, and 
epidote), phlogopite, REE-rich accessory minerals (e.g., 
allanite and apatite) and sulfides (Figs. 3, 4). 

Host carbonate rock The intense metamorphism of the 
carbonate sequence (~ 8 km2 metamorphic aureole; Vezzoni 
et al. 2018) generated a medium/coarse-grained white–pink 
marble with grey streaks (Figs. 1, 2). Metamorphic par-
agenesis includes calcite and dolomite, as well as minor 
quartz, phyllosilicates (Ms and Phl), and Cu–Fe–Pb–Zn 
sulfides. Marble shows some disequilibrium evidence with 
a granoblastic sutured texture, typical of quick recrystalli-
zation of carbonates under HT–LP contact metamorphism. 

Metamorphic temperatures between 550 and 430 °C are 
obtained using the calcite–dolomite geothermometer (Fran-
zini et al. 2010). Lobate to sutured grain boundaries as well 
as tabular phlogopite crystals grown along calcite grain 
boundaries point to highly interconnected porosity (Fran-
zini et al. 2010).

Cordierite–biotite granite Cordierite–biotite granite 
is found as few small patches inside the Botro ai Marmi 
mine, in deep portions of monzogranite brought at shallow 
depth by breccia pipes (Temperino mine, Fig. 1), and, mov-
ing to the south, at increasing depth in several boreholes 
(MS1 = 550 m, MS3 = 500 m, S10 = 950 m; Fig. 1). The 
original pluton is a medium-grained, cordierite–biotite gran-
ite (Figs. 2, 3), rarely with K-feldspar-phyric texture. The 
primary igneous assemblage consists of K-feldspar (30–35 
vol%), quartz (30–35 vol%), plagioclase (20–30 vol%), and 
biotite (5–10 vol%), along with accessory cordierite, apatite, 
zircon, and late-magmatic tourmaline (Table 1; Fig. 3e, f). 
Cordierite represents the most abundant accessory mineral, 
indicating the peraluminous character of this rock (Fig. 3l). 
Tabular K-feldspar (orthoclase,  Or85–90, n = 7) commonly 
occurs as megacrysts with average size around 1 cm, reach-
ing up to ~ 5–6 cm, and showing rare perthitic exsolution 
(Fig. 3a–c). Interstitial Kfs is also present. Plagioclase cores 
 (An35–45, n = 11) are usually slightly zoned with ward albite 
enrichment (Fig. 3a–c). These cores are commonly charac-
terized by a thin oligoclase overgrowth  (An10-15). Biotite is 
the main representative mafic mineral (Fig. 3f). Its compo-
sition is annite/siderophyllite, with Fe# values of 0.4–0.6, 
comparable with other peraluminous magmas from Tuscany 
such as Monte Capanne pluton (Farina et al. 2010) and San 
Vincenzo rhyolite (Ridolfi et al. 2016). Major element data 
for K-feldspar and biotite are reported in Supplementary 
Tables.

Metasomatic phlogopite-titanite granite The previ-
ous studies (Barberi et al. 1967; Caiozzi et al. 1998; Lat-
tanzi et al. 2001; Rodolico 1945) argued that a pervasive 
hydrothermal alteration had been responsible for elevated 
 K2O contents, up to 6–8 wt%, occurrence of replacement 
K-feldspar, loss of Ca–Fe–S, and widespread replace-
ment of biotite (Fig. 3). The current study highlights that 
the metasomatic alteration of the cordierite–biotite granite 
produced a pinkish–white metasomatized granite, repre-
senting 95% of outcropping granite. It is characterized by 
the almost complete replacement of biotite by phlogopite 
(Mg# = 0.85–0.95), chlorite, titanite, and Ti oxide. The rare 
biotite remnants (Fig. 3) are characterized by high contents 
of FeO (up to 25 wt%) and  TiO2 (up to 4 wt%) and diffuse 
replacement by numerous metasomatic minerals (i.e., chlo-
rite, phlogopite, titanite, fluorite, rutile, and adularia). In 
close spatial relation with strongly metasomatized biotite, 
accessory minerals such as apatite, zircon, and minor mona-
zite are commonly recrystallized. Feldspars show peculiar 
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Fig. 2  a Panoramic view and deformation structures at the granite–
marble contact. Some folds are replaced by exoskarn. b Cordierite–
biotite vs. metasomatized granite. c Metasomatized granite with tour-
maline orbicoles. d Endoskarn bodies. e Folded marble replaced by 

phlogopite–diopside exoskarn, into layered grey marble. The core of 
the fold shows indented contact. f Centimetric folds into white–grey 
marble. g Vesuvianite–garnet exoskarn with calcite veins
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characteristics (Fig. 3g–i). The oligoclase abundance is con-
siderably reduced down to ~ 5 vol % (Table 1; Fig. 3a–c). The 
rim (oligoclase) is almost completely isotropically replaced 
by irregularly shaped K-feldspar (~ Or80–90). Replacement 
of plagioclase also occurs along polysynthetic twinning 
and fractures. The progressive replacement of plagioclase 
(oligoclase) by K-feldspar is directly proportional to the 
proximity to the endoskarn bodies. There, crystallization of 
widespread metasomatic diopside, titanite, and accessory 
minerals took place (Fig. 4). Late calcite usually fills micro-
fractures (Fig. 4e, h). Accessory minerals usually show evi-
dent replacement and/or recrystallization textures (Fig. 4g, 
i): (1) cordierite, typical of Tuscan crustal-derived igneous 
products (i.e., San Vincenzo and Roccastrada rhyolites, Fer-
rara et al. 1989), is commonly deeply altered or replaced 
by pinite and is, therefore, identified from its shape and 
the composition of its relics (Fig. 3l); (2) ilmenite, another 
common mineral crystallizing from Tuscan crustal magmas, 
is usually extensively replaced by titanite and rutile aggre-
gates; crystals up to 100–150 µm, bordering metasomatized 
biotite, likely represent metasomatic crystals (Fig. 3g); (3) 
primary monazite (< 50 µm) is strongly affected by meta-
somatic alteration, showing clear dissolution textures; 

unaltered monazite is observed as small, euhedral crystals 
(5–10 µm) widespread inside interstitial K-feldspar, quartz, 
or as aggregate with bigger apatite and zircon (Fig. 3h, i); 
(4) zircon consist of 50–250 µm crystals included in biotite, 
at odds with respect to small (5–20 µm), euhedral crystals, 
mostly forming aggregates with apatite and monazite, that 
border metasomatized biotite; metasomatic zircon crystals 
occur at the border of spongy-textured metasomatic titan-
ite (Fig. 3e, f, h, i); (5) apatite crystals vary in size from 
small euhedral crystals (50 µm), usually forming aggregate 
with other accessories, up to 300–500 µm (possibly meta-
somatic); these minerals are occasionally included in fresh 
biotite while commonly form aggregate in close contact with 
deeply metasomatized biotite (chlorite–titanite–rutile–phlo-
gopite; Figs. 3e, 4h); (6) iron sulfides, chalcopyrite, and 
minor Zn–Pb sulfides occur as fracture and cavity infill 
(Fig. 1 in ESM).

Endoskarn Endoskarn bodies are a system of tabu-
lar (Fig. 2d), disoriented (Fig. 1c) bodies crosscutting the 
main pluton and connected to the exoskarn aureole. The 
endoskarn bodies include a few remnants of the original 
granite (i.e., plagioclase, quartz, and minor K-feldspar) and 
an abundance of metasomatic minerals (phlogopite, chlorite, 

Table 1  Modal (vol %) abundance for the main lithotypes sampled at the Botro ai Marmi mine

Crd–Bt granite cordierite–biotite granite, Phl–Ttn granite metasomatized granite characterized by Phl and Ttn, Phl–Ttn–Di granite metasoma-
tized granite characterized by widespread Di–(Phl–Ttn) aggregates

Mineral paragenesis Fresh Crd–Bt Metasomatized Endoskarn Exoskarn
Monzogranite Phl–Ttn granite Di–Ttn–Phl Phl-rich Grt > Vs and Vs > Grt

Igneous
 Quartz 30–35 45–50 5-10 < 5 rare trace
 K-feldspar 30–35 25–30 < 5 < 5 < 5 –
 Plagioclase  (An35-45) 5–10 5–10 5–10 5–10 trace trace
 Plagioclase  (An10-15) 15–20 < 5 < 5 < 5 < 5
 Biotite 5–10 < 1 trace – – –
 Tourmaline < 5 < 5 – – – –

Metasomatic
 Phlogopite – 5–10 5–10 5–10 30-35 5–10
 Titanite – 1–3 5–10 5–10 5–10 5–10
 Diopside – – 15–25 25–35 20–25 5–10
 Vesuvianite – – trace < 5 < 5 20–40
 Garnet – – trace < 5 < 5 10–30
 Albite – – < 5 < 5 5–10 < 5
 Allanite – trace < 5 < 5 < 5 < 5
 Calcite – trace 5–15 10–20 10–15 < 5
 Sericite < 5 < 5 < 5 – – –
 Chlorite <1 1–3 < 5 < 5 < 5 < 5
 Sulfides < 5 < 5 < 5 < 5 < 5 < 5

Accessory minerals Zrn, Ap, Tur, 
Mnz, Ttn, Rt

Zrn, Ap, Tur, Rt, Aln, 
Cal, Fl, Thr, Urn

Zrn, Ap, Rt, Fl, 
Ep, Thr, Urn

Zrn, Ap, Ep, 
Fl, Thr, Urn

Ap, Zrn, Ep, Fl Zrn, Ap, Ep, Fl,

Density (g/cm3) 2.64 2.66 2.69–2.70 3.34 2.92 3.53
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titanite, diopside, calcite, minor epidote, rutile, apatite, and 
zircon). Biotite is completely replaced by a diopside–phlo-
gopite–titanite–chlorite association, as well as by accessory 
minerals. These formed as multiple generations and include 
HFSE–REE minerals (up to 5 vol %; epidote), Th–U-bear-
ing minerals, sulfides (up to 5 vol %; pyrrhotite replaced 
by pyrite, chalcopyrite, arsenopyrite, and sphalerite), and 
adularia infilling fractures, evidence for K mobilization. The 
abundance of diopside decreases from core to rim coupled 
with the increasing abundance of titanite (local Ti circula-
tion vs. efficient circulation of Fe and Mg). Occasionally, 
centimetric euhedral crystals of titanite occur in veins along 
with diopside and quartz. These crystals show a range of 
textures, from homogeneous to patchy zoned, together with 
multiple cracking and sets of fluid inclusions (Fig. 4). The 
epidote group is represented by two terms: a greenish, Fe-
rich, and patchy zoned epidote with dissolution/recrystalli-
zation textures, usually replaced by brownish to black, REE-
rich allanite (Fig. 4e). The crystallization of calc-silicates 
is followed by the generation of a calcite–chlorite–fluo-
rite–sulfides assemblage. Fluorite is widespread in veins and 
inclusions, occasionally replacing biotite along cleavages 
(Figs. 3f, 4b). Phyllic alteration (chlorite–sericite) is gener-
ally significant in the endoskarn core, where the abundance 
of iron sulfides and fluorite is higher, and calc-silicates are 
commonly replaced by late zircon, thorite, and uraninite.

Exoskarn Pervasive metasomatism in the marble host 
clearly overprints the earlier contact metamorphic struc-
tures (Fig. 2a, e–g; Vezzoni et al. 2016). Irregular massive 
bodies occur at the pluton–marble contact, with patches of 
marble relics inside the exoskarn, while other bodies result 
from selective replacement of ductilely folded marly lay-
ers within the marble (Fig. 2a, e, f). Exoskarn masses are 
locally observed connecting with endoskarn aligned bodies 
(Fig. 2a). The metasomatic minerals are mainly represented 
by diopside, garnet, vesuvianite, titanite, phlogopite, minor 
scapolite, adularia, and allanite. Accessory minerals include 
zircon, apatite, magnetite, pyrrhotite replaced by pyrite, 
minor chalcopyrite, sphalerite, and arsenopyrite, together 
with multiple generations of fluorite. Some minerals, such 
as quartz and calcite, are found in almost all skarns, with 
calcite abundance decreasing toward the pluton. On the 
other hand, variable abundances of metasomatic minerals 
allow to distinguish different types of contact endoskarn, 
moving from the granite to the marble: (a) proximal diop-
side–titanite–phlogopite rocks; (b) vesuvianite > garnet 
rocks; (c) garnet > vesuvianite rocks; (d) phlogopite–titan-
ite–albite–diopside rocks replacing folded marble; (e) wol-
lastonite-rich rocks, replacing vesuvianite-garnet rocks, at 
the exoskarn-marble contact. Diopside and red vesuvianite 
show massive to radiating textures, amazingly regular zon-
ing, as well as secondary metasomatic textures close to the 
pluton/marble contact (i.e., vesuvianite and early REE-rich 

epidote replaced by late REE-poor epidote). Garnet domi-
nantly occurs as either granoblastic aggregates or less com-
mon euhedral crystals, red-to-brown in color, with concen-
tric growth zones, with no consistent compositional trends. 
Titanite is widespread in the exoskarn bodies (slight increase 
close to the granite contact), commonly with patchy zoning 
and spongy textures. Phlogopite abundance increases sig-
nificantly in specific layers, thus indicating that the original 
limestone layering may have been one of the governing fac-
tors in its origin. Exoskarn bodies mimicking marble folded 
levels show the highest abundance of metasomatic phlogo-
pite (> 50 vol %). Epidote group minerals (including allan-
ite) are widespread in all these bodies as both prograde and 
retrograde mineral. Abundances of accessory HFSE–REE 
and Th–U minerals increase close to the granite bounda-
ries, where accessory calc-silicate such as epidote, allan-
ite, ekanite  (ThCa2Si8O20), as well as apatite are formed. 
These minerals are frequently replaced by apatite, zircon, 
thorite, uraninite, as well as quartz and fluorite. Moreover, 
secondary accessories resulted from the alteration of early 
calc-silicates, such as titanite. Indeed, such minerals are fre-
quently bordered by uraninite, thorite, and zircon (Fig. 4i). 
High-to-low-temperature sulfides (i.e., pyrite, pyrrhotite, 
chalcopyrite, and sphalerite) are widespread throughout the 
exoskarn system (Fig. 1 in ESM).

Late hydrothermal veins A low-temperature hydrothermal 
vein system crosscut the granite body (Fulignati 2018). This 
late manifestation is characterized by abundance of chlo-
rite, low-temperature sulfides, calcite, quartz, and fluorite, 
as well as accessory HFSE–REE and Th–U-bearing miner-
als (Fig. 1 in ESM). Late-crystallized anhydrous minerals 
such as quartz are observed as minor interstitial minerals. 
The main sulfides are pyrrhotite, pyrite, sphalerite, chal-
copyrite, and minor galena. Single- and poly-phase sulfide 
grains are observed filling open-spaces, forming veins, or 
as isolated crystals, and showing multiple intergrowth and 
mutual replacement textures Individual grains are typically 
subhedral and varying from μm to cm in size.

Borehole samples (petrographic variation with depth)

The analysis of several exploratory borehole logs (Samim 
1983), reaching the main pluton at different depths, has 
been performed to investigate the lithological variations 
with depth through the carbonate host to the granite. We 
then focused on the MS3 borehole, cored from the metamor-
phosed carbonate rock through a thick metasomatized body 
to the granite, which has been reached at 225 m below the 
surface (Fig. 2 in ESM).

Pure marble extends from the surface to about 170 m 
depth. This is a medium to coarse-grained white–pink 
marble, with common grey impurities due to increasing 
marly component and decreasing grain size. The marble 
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presents some disequilibrium geometries such as grano-
blastic sutured textures, with dominant calcite, dolomite 
(increasing with depth), minor quartz, phyllosilicates, and 
sulfides. Between 50 and 120 m, widespread metasomatic 
phlogopites occur, accompanied by minor K-feldspar, 
rare diopside, accessory fluorite, chlorite, and muscovite 
(exoskarn).

Between 170 and 220 m, several metasomatic minerals 
are observed, mostly represented by calc-silicate aggre-
gates, whose abundance increases towards the pluton 
contact. From top to bottom, aggregates of phlogopite, 
K-feldspar, scapolite, and plagioclase are replaced by 
fine-grained exoskarn bodies, predominantly character-
ized by diopside, phlogopite, K-feldspar, minor vesuvian-
ite, garnet, and scapolite. Secondary minerals are epidote, 
fluorite, chlorite, and sulfides. A minor mineralization 
with pyrite and magnetite is also present. Closer to the 
granite contact the modal amount of garnet and epidote 
increases, while diopside is frequently found together 
with scapolite and vesuvianite.

At ca. 225 m, the drill core enter the pluton, made of 
three rock subtypes: (1) a brownish-pinkish leucogranite 
(superficial granite) mainly characterized by K-feldspar 
(50 vol %), quartz (30 vol %), plagioclase (10–15 vol %), 
and phlogopite-titanite assemblages (5–10 vol %); this 
section is characterized by millimetric-to-centimetric 
veins, mainly consisting of quartz, chlorite, fluorite, cal-
cite, and sulfides; (2) between 320 and 400 m (mixed 
zone), a petrographic and chemical variation has been 
observed linked to the occurrence of a series of aligned 
endoskarn bodies, mainly characterized by diopside, 
titanite, phlogopite, and epidote, accompanied by late 
sulfides, calcite, and chlorite; (3) between 400 and 550 m 
(deep granite) the borehole goes through a slightly meta-
somatized granite (variable replacement of biotite by 
titanite–chlorite–phlogopite), with the final 70 m mainly 
made by biotite-rich granite.

Results: geochemistry of the main lithologic types

Whole-rock analyses from the main representative lith-
ologies (cordierite–biotite granite, metasomatized granite, 
endoskarn, exoskarn, and marble) allow to better charac-
terize the process of element mobility occurred at the plu-
ton–marble contact during metasomatic processes. Moreo-
ver, the comparison with borehole data (Samim 1983) allows 
to identify geochemical variations with depth and to relate 
them to petrographic data. Samples, originally collected 
from drill cores at 3 m intervals, did not directly bracket 
metasomatic alteration boundaries or lithological contacts. 
Compositional data for major elements have been obtained 
on whole rock by XRF at the Rimin laboratory during 
exploratory investigations (Samin 1983), while trace ele-
ments have been determined by ICP-MS on acid-digested 
powders.

Botro ai Marmi mine

Whole-rock compositions of the outcropping lithologies 
are reported in Supplementary Tables. The granite has a 
syenogranitic-to-monzogranitic composition  (SiO2 = 70–72 
wt%) and a peraluminous character (ASI = 1.1–1.3). The 
CIPW normative assemblages, as well as other major and 
trace element features, show clear similarities to other per-
aluminous igneous products from southern Tuscany (i.e., 
Gavorrano, Montecristo Island, and Giglio Island intrusions; 
Dini et al. 2002; Pinarelli et al. 1989; Poli and Peccerillo 
2016).

The comparison between the original granite and the 
metasomatized granite has been performed using decreasing 
 SiO2 as an index of progressive alteration. Indeed, silica con-
tent significantly decreases from the cordierite–biotite gran-
ite (71–69 wt%), to the metasomatized granite (66–64 wt%), 
and to the endoskarn bodies (55 wt%). Ca and P exhibit a 
significant correlation with silica; indeed, silica decrease is 
accompanied by increase in endoskarn and in the metasoma-
tized granite (Fig. 5a). This process corresponds to titanite 
and diopside crystallization during potassic–calcic metaso-
matism. A quite similar pattern is defined by K variations, 
which shows the same values for cordierite–biotite granite 
and endoskarn. The silica versus potassium diagram shows 
a characteristic composition for the granite, with  K2O values 
between 5 and 8 vol % possibly related to plagioclase/K-
feldspar volume by volume substitution. Values of potassium 
higher than 8 vol % have been related to pervasive crystal-
lization of adularia as vein infill and metasomatic masses 
(Fig. 5b). Mg, Ti, and Al values are almost constant through-
out. Silica increase corresponds to MgO/FeOt ratio increase, 
linked to the almost complete replacement of biotite by phlo-
gopite (Fig. 5c).  Na2O does not show significant correlation 

Fig. 3  QEMSCAN and backscattered electron image showing meta-
somatic processes in the granite. a–c QEMSCAN images show-
ing the alteration of plagioclase from cordierite–biotite granite (a) 
to increasingly metasomatized granite (b, c). Secondary K-feldspar 
replace plagioclase  (Plgi = An35-45,  Plge = An10-15). Biotite is replaced 
by Chl–Ttn–Phl, while ilmenite is replaced by Ttn–Rt aggregates. d 
QEMSCAN Fe distribution element map at contact between meta-
somatized and cordierite–biotite granite. e–g Backscattered elec-
tron images of biotite infilled by fluorite and late sulfides, showing 
replacement by chlorite, phlogopite, and titanite. In g, ilmenite is 
replaced by titanite and rutile. Apatite and zircons occur both in bio-
tite and its border. h, i, l Backscattered electron images of metaso-
matic and replacement accessory minerals. h Metasomatic monazite 
and zircon in secondary K-feldspar. i Relict of monazite in biotite 
(magnification of e. l Pinitized cordierite in monzogranite. For abbre-
viations, see Whitney and Evans (2010)

◂
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versus silica (Fig. 5d), while Sr, Rb, and Ba variations show 
a negative linear correlation versus silica.

The transition from the original granite to the metaso-
matized granite is characterized by the decrease of  FeOtot 
from values of about 2.5 wt% to values lower than 0.25 
wt%.  FeOtot increases significantly in the endoskarn bodies 
(up to 10 wt%). Higher values of  FeOtot are coupled with 
an increase of  Al2O3 content up to 21 wt% (15–16 wt% 
in the original granite). The same systematic variation is 
also observed for MgO. The abundance of  TiO2 is constant 
in both the metasomatized and cordierite–biotite granite 
(0.35–0.45 wt%). Na content decreases with the alteration, 
while K increases from the original granite to the phlogo-
pite–titanite granite (from 5 up to 10 wt%). Na/K ratio shows 

a positive correlation with Sr and negative correlation with 
Rb values. The endoskarn bodies, in which plagioclase is 
completely replaced by K-feldspar, show the maximum 
value of K. The abundances of Rb and Ba show a positive 
correlation with  K2O, and in some samples of the meta-
somatized granite Rb and Ba rise over 500 ppm. The CaO 
value increases from 1 to 2 wt% in the original granite to 3 
wt% in the metasomatized granite. A net increase occurred 
in the endoskarn bodies, up to value of 10 wt%. Th con-
centration increases from 14 ppm in the cordierite–biotite 
granite to 18 ppm in the metasomatized granite (up to picks 
of 24 ppm), while decreases in the endoskarn to 9 ppm. Ini-
tial U concentration decrease from 12–14 to 4 ppm, with 
metasomatic alteration.

Fig. 4  a Filling fractures diopside–titanite and late calcite exoskarn. 
b Fluorite–calcite–quartz–diopside pseudomorphs in Cpx-rich exo-
skarn. c Dissolution texture of diopside and titanite, with late cal-
cite. d Euhedral zoned titanite with relict K-feldspar and quartz, in 
endoskarn. e Late allanite replacing epidote in Di-rich exoskarn. f 

Zoned vesuvianite with fractures filled by REE-enriched overgrowth. 
g Pseudomorph of thorite–quartz after ekanite, with apatite, quartz, 
and calcite in Cpx-rich exoskarn. h–i Apatite, zircon, and uraninite 
resulting from metasomatic alteration of biotite (h) and titanite (i) in 
endoskarn
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The exoskarn bodies show an increasing silica content 
moving to the pluton–marble contact, from 40 up to 50 
wt%. Total Fe and Mg show maximum values of 20 and 13 
wt%, respectively, in the vesuvianite–garnet-rich exoskarn. 
Ti shows common values of 0.25–0.3 wt%, with maximum 
amount of 0.8 wt% in the phlogopite-rich exoskarn.  K2O and 
 Na2O show low values in all the exoskarn bodies (lower than 
1 wt%). The CaO content, values from 20 to 24 wt%, shows 
a positive correlation with distance from the pluton, except 
for the phlogopite-rich exoskarn, showing common values 
of 7–9 wt%. Th and U are lower than 3 ppm.

The Botro ai Marmi granite exhibits fractionated pattern 
of rare-earth elements (REE) and moderate Eu anomaly 
(Eu/Eu* = 0.55–0.60), similar to those reported for other 
peraluminous bodies from southern Tuscany (Fig. 6a; Dini 

et al. 2002, 2005; Poli and Peccerillo 2016; Ridolfi et al. 
2016). The pattern of the endoskarn sample has slightly 
more fractionated (light) LREE, with Eu anomaly (Eu/
Eu* = 5.3 respect to ~ 20). Patterns for the phlogopite 
and vesuvianite–garnet-rich exoskarn show even more 
significant LREE fractionation along with minor (heavy) 
HREE fractionation. Marble shows a comparable pattern, 
although at significantly lower concentration. The phlo-
gopite-rich exoskarn presents a strong positive anomaly 
of Y, while the pyroxene-rich exoskarn shows significant 
LREE fractionation and upward-concave HREE pat-
tern, and strong negative anomaly of Y (Fig. 6a). Thus, 
Y appears decoupled from lanthanides in phlogopite-rich 
and pyroxene-rich exoskarn, in opposite ways.
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The continental crust-normalized multielemental pat-
terns for the granite (Fig. 6b) show, again, characteristics 
common to crustal products from southern Tuscany (Dini 
et al. 2002, 2005; Poli and Peccerillo 2016; Ridolfi et al. 
2016). These include positive anomalies for U, K, and 
Rb, together with negative anomalies for Ba, Hf, Sr, and 
Ti, as well. Endoskarn bodies show comparable patterns, 
except for a marked negative Th anomaly. The exoskarn 
bodies show strongly variable elemental distributions 
(Fig. 6c). The phlogopite exoskarn has a pattern mostly 

similar to the granite. The garnet–vesuvianite exoskarn 
has elemental distribution quite similar to the granite, with 
the notable exception of very low contents for Cs, Rb, Ba, 
and K. The pyroxene exoskarn has a peculiar elemental 
distribution, quite similar to the marble for progressively 
less incompatible elements, including very low Nb, while 
the extremely low abundances of Cs, Rb, Ba, and K are 
similar to those of garnet–vesuvianite exoskarn. Thorium 
is progressively depleted from granite, through endoskarn, 
to garnet–vesuvianite then clinopyroxene exoskarn.
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Borehole samples (geochemical variations with depth)

The relative concentrations of elements vary with depth, 
underlining the occurrence of boundaries of metasomatic 
alteration fronts and/or lithological contacts (Figs. 7, 8). The 
pure marble shows a net decrease of the CaO/MgO ratio with 
depth, which corresponds to an increase in dolomite/calcite 

ratio, moving from massive limestone to stratified black 
limestone, and it is accompanied by the overall decrease in 
Sr from high concentration (up to 900 ppm) in the marble 
(Fig. 8). Zinc shows maximum concentration at the top of 
the core (up to 500 ppm) and decreases with depth, and it is 
linked to the occurrence of small Zn-bearing minerals, such 
as hemimorphite-Zn4Si2O7(OH)2H2O and sphalerite-ZnS 
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(Samim 1983). Li and F values show a positive correlation, 
increasing in correspondence of pyrrhotite and scheelite 
mineralization.

The transition between exoskarn and Crd–Bt granite is 
marked by few meters of endoskarn, and the high values of 
Fe, Cu (up to 800 ppm), and F (up to 5 wt%), correspond to 
mineralization of pyrrhotite, fluorite, and minor chalcopyrite 
(Samim 1983). Tin reaches values up to 700 ppm in corre-
spondence of endoskarn bodies crosscutting the granite and 
containing cassiterite, adularia, green fluorite, pyrite, and 
garnet. Scattered increases of Zn, Pb, Cu, and S correlate 
with pyrite–sphalerite–galena mineralization (Samim 1983). 
In detail, between 180 and 220 m, a fine-grained exoskarn 
occur (Samim 1983), with high values of Fe and Cu, cor-
responding to pyrrhotite–pyrite–magnetite mineralization. 
Between 80 and 150 m, the scattered concentration peaks 
of Co, Cr, Ni, Nb, Rb, V, Ti, Y, Zr, and Zn correspond to 
mineralized exoskarn bodies (Figs. 7, 8).

In the granite body, Sr shows a significant positive cor-
relation with depth (Fig. 8b, c). The superficial granite from 
the Botro ai Marmi mine shows values of about 200 ppm, 
increasing with depth up to 500 ppm in the mixed zone 
(400 m), where it drops to 100 ppm (Fig. 7). The deepest 
granite is characterized by a trend similar to the superficial 
granite, with values of 100–200 ppm at 420 m, increasing 
up to values of 400–450 ppm at 550 m. Nb values follow 
the same trend (Fig. 8d). Aluminum, like Sr, shows a clear 
increase with depth in the upper part of the granite, from 
15.0 to 16.5 wt%, variable values in the mixed zone (from 
15.5 to 17.5 wt%), and the same trend as Sr in the deep 
granite. The  Al2O3/FeOtot ratio shows high values in the 
superficial granite (until ~ 300 m), then decreases in the 
mixed zone, coupled with Fe-rich calc-silicate crystalliza-
tion (Fig. 8b).

Analyzing the overall profile, it is possible to observe 
(Figs. 7, 8): (1) the abrupt increase of  K2O in the marble 
(~ 100 m), corresponding to metasomatic phlogopite-rich 
layers, (2) the high values of  K2O for the bulk of the granite 
(5–9 wt%), except for the cordierite–biotite granite at the 
surface and at depth in the borehole (3.5–4.0 wt%), cor-
responding to a widespread replacement of plagioclase by 
K-feldspar and adularia; (3) the general increase of F con-
centration with depth, and prominent peaks corresponding 
to both exoskarn and endoskarn, that are characterized by 
fluorite and phlogopite crystallization (phlogopite effect); 
actually, the crystallization of phlogopite account for F val-
ues lower than 0.3–0.4 wt%, and thus, it is required the crys-
tallization of fluorite to reach higher values; (4)  P2O5 peaks 
of 0.1 wt% in the marble (against overall content of 0.02 
wt%), and 0.35 wt% in the granite (against overall content of 
0.15–0.2 wt%), correlate with exo-/endoskarn where apatite 
is observed to crystallize (apatite effect); high values of  P2O5 
and F correspond to HFSE increase, that is also related to 

crystallization of vesuvianite, garnet, allanite, titanite, apa-
tite, and ekanite.

Discussion

Mineralogical evolution from magmatic 
to metasomatic stages

The evolution of the Botro ai Marmi magmatic–metaso-
matic–hydrothermal system can be subdivided into multiple 
stages based on different rock textures and mineral assem-
blages: a magmatic stage, a potassic–calcic metasomatic 
stage, and a final acidic metasomatic stage (Fig. 9). In this 
context, relatively simple mineralogical patterns are over-
printed by multiple metasomatic events. Reactive transport 
models are generally too poorly constrained to offer unique 
solutions, while equilibrium calculations are at best an 
approximation. Even in systems where local fluid–rock equi-
librium is not attained; however, reactions generally progress 
along a vector similar to that defined by equilibrium mod-
els. Equilibrium models can, therefore, provide a qualitative 
indication of system behavior (Meinert et al. 2005). Here, 
a genetic interpretation is proposed for the mineral assem-
blages observed at Botro ai Marmi, explaining the relations 
between different mineral paragenesis and different metaso-
matic stages. Here, a typical high-temperature metasomatic 
activity (temperatures between 500 and 550 °C; Franzini 
et al. 2010; Fulignati 2018) developed at the contact with 
the pluton. As supported by literature data, the metasomatic 
paragenetic sequence observed at Botro ai Marmi indicates 
crystallization temperatures between 550 and 350 °C.

Magmatic stage The timing of magmatic feldspar crys-
tallization is critical for the understanding of any following 
process. Compositions and textural observations indicate the 
presence of at least two generations of igneous plagioclase. 
The first generation is represented by normally zoned crys-
tals  (An35–45), later slightly resorbed and overgrown by an 
oligoclase rim  (An10–15), interpreted as a second-generation 
feldspar according to the neat compositional gap against 
the andesine cores (Fig. 3a–c). This zoning jump requires 
a physical change in melt conditions, affecting the stability 
of andesine to the point where oligoclase would nucleate. A 
sudden decrease in pressure is a viable driving mechanism 
(e.g., Plümper and Putnis 2009) to generate these two-stage 
textures. During the first stage, plagioclase  (An35–45) crys-
tallized early in the magmatic body together with biotite, 
K-feldspar, quartz, cordierite, as well as accessory zircon, 
apatite, and ilmenite. In the second stage, rapid ascent with 
sudden pressure drop allowed the crystallization of a thick 
oligoclase rim over andesine plagioclase. Late exsolution 
of B-rich fluids resulted in the crystallization of tourma-
line–quartz orbicules. This event is terminated by the local 
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circulation of residual B-rich fluids along fractures with for-
mation of hydrothermal tourmaline–quartz veins (they are 
cut by later skarns). Like the other TMP granite pluton, the 
emplacement/crystallization of Botro ai Marmi pluton trig-
gered the formation of the contact aureole transforming the 
limestone host into a marble (Vezzoni et al. 2018).

Potassic-calcic metasomatism After emplacement and 
crystallization, the cordierite–biotite granite was affected by 
an intense, pervasive potassic–calcic metasomatism (Fig. 4). 
Chemical potential gradient (or chemical activity) in the 
rock-pore system control the distribution of fluids/elements 
and, thus, of the metasomatic products, into the granite body 
and at the pluton/host contact. There, the redistribution of 
elements in both directions results in the replacement of both 
the rocks.

Potassic metasomatism Affected the whole granite body, 
leading to the almost complete replacement of cordier-
ite–biotite granite (K-feldspar, andesine-An35–45, oligoclase-
An10–15, quartz, biotite, and minor ilmenite–apatite–zir-
con–monazite) by phlogopite–titanite granite (K-feldspar, 
andesine-An35–45, phlogopite, chlorite, titanite, and minor 
rutile–apatite–zircon–monazite–fluorite). Calcic metaso-
matism affected the monzogranite mostly along magmatic 
joints, and at the contact with the host marble (Fig. 2a, 
d). The preferential circulation of fluids along magmatic 
joints led to the development of endoskarn aligned bodies, 

characterized by significant replacement of the original mag-
matic paragenesis by Ca(–Mg)-silicates including diopside, 
phlogopite, chlorite, and titanite, along with minor epidote 
and calcite.

The most noteworthy reactions resulted from the circula-
tion of alkali-rich fluids. Indeed, in a closed system sub-
ject to thermal gradients, K/Na activity ratio of a fluid in 
equilibrium with two alkali feldspars at high temperature 
would be higher than that of a fluid in equilibrium with the 
same assemblage at lower temperature. If such a system was 
open, infiltration of fluid from a higher temperature environ-
ment to a lower temperature environment would promote 
replacement of sodium in the granite by potassium from the 
fluid. Thus, complete replacement of oligoclase, and partial 
replacement of andesine by K-feldspar could be ascribed to a 
mechanism of alkali ion exchange between fluid and feldspar 
phases controlled by a replacement reaction (e.g., Orville 
1963; Moore and Liou 1979):

Irregularly shaped K-feldspar, which has a composition 
similar to the K-feldspar in the original granite, is found 
mostly as replacing the oligoclase rim, suggesting that oli-
goclase was converted directly to K-feldspar. Plagioclase 
abundance decreases from about 30 vol % in the original 
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granite to 5 vol % in the metasomatized granite. The reac-
tion between oligoclase and fluid implies the mobility of 
 Al3+ (that may be incorporated in sericite),  Na+, and  Ca2+. 
The elements released by the reaction might have been 
accommodated in calcite, epidote, and fluorite. Isotropic 
replacement of oligoclase by K-feldspar supports a pervasive 
circulation of fluids between grain boundaries. The same 
evidence is highlighted by crystallization of metasomatic 
minerals along the igneous grain boundaries. Moreover, 
loss of sodium from oligoclase could explain the observed 
local crystallization of albite. The degree of metasomatic 
alteration increases with distance from the cordierite–bio-
tite granite relicts, while the local gain in Si corresponds to 
crystallization of albite and quartz.

During this stage, biotite is completely replaced by 
aggregates of phlogopite (50%), chlorite (30%), and titan-
ite (20%), which has been later partially converted to rutile 
(Fig. 3g); in endoskarn bodies, where calcium activity is 
prominent, the replacement of biotite and feldspar resulted 
also in the crystallization of diopside and other calc-silicates 
(Fig. 4). Parry and Downey (1982) describe the hydrother-
mal alteration of biotite considering both iso-volumetric and 
Al-conservative reactions. They conclude that the process 
proceeds at constant Al and requires variable additions of 
K and Mg, as well as significant subtractions of Fe. Thus, 
the alteration would result in a significant volume loss (up 
to 30%), which is, however, compensated by the products 
of concurrent reactions (titanite, rutile, minor quartz, and 
adularia).  Mg2+ ions were added, while  Fe2+ ions were 
lost. The overall reaction keeps constant Ti + Al within the 
pseudomorphic chlorite–titanite–phlogopite assemblage. 
 Fe2+ likely contributes to the crystallization of new Mg–Fe 
calc-silicates in the contact exoskarn bodies. Moreover, the 
accessory minerals included in biotite are affected by intense 
metasomatic alteration.

On the other side, the metasomatic replacement along 
endoskarn bodies is most prominent, showing higher con-
centration of calc-silicates correlated with the highest Ca 
and Mg contents. These reactions promoted mass transfer of 
Si and Mg. On the contrary, deeply metasomatized granite 
at the contact with endoskarn shows the highest values of K 
and the complete replacement of plagioclase by K-feldspar 
and sericite. At the same time, the increase of Rb, Ba, and Sr 
values, with Na decrease, is linked with K-feldspar crystal-
lization. Thus, simultaneous reactions involving oligoclase, 
K-feldspar, biotite, and accessory minerals converted the 
original paragenesis to a new Ca-rich mineral association. 
Starting from the mineral assemblage of the original mon-
zogranite, a significant input of Mg and Ca is required to 
produce the resulting endoskarn bodies.

At pluton-marble contact, the metasomatic replacement 
advanced in both directions resulting in the pervasive over-
printing of bedded marble by a banded exoskarn and in the 

replacement of the granite by a massive endoskarn body. The 
presence of carbonate alteration zones provides evidence 
that metasomatic fluids in these systems could generate their 
own skarn mineral assemblages. However, the abundance 
of Fe–Mg-rich calc-silicates and enrichment in K, Ba, Sr, 
Rb, in the metasomatized samples, support the contribution 
of fluids from an external source. Indeed, the marble, com-
posed essentially by calcite, dolomite, and minor white mica, 
has been replaced by assemblages of diopside, grossular 
garnet, vesuvianite, allanite, titanite, phlogopite, and minor 
scapolite. The distribution of these minerals reflects the rela-
tive mobility of major elements and, to a lesser extent, the 
host carbonate composition. As an example, the occurrence 
of Mg-rich phlogopite exoskarn, along previously folded 
marble levels, may be related to a highest abundance of 
marly impurities (mica-rich fraction). These observations 
highlight the selective process of circulation of Fe and Mg 
penetrating several meters into the marble. On the contrary, 
Ti, usually an immobile element, shows a local prominent 
mobilization. Indeed, abundant crystallization of titanite and 
rutile occurred in close spatial relation with deeply metaso-
matized biotite (Fig. 4). In the endoskarn bodies, titanite is 
more abundant at the border, decreasing towards the core. 
On the contrary, titanite abundance decreases in distal exo-
skarn (Phl-rich exoskarn). Sulfides, occurring as fracture 
infill, in disrupted primary cavities and brecciated portions 
of the metasomatic bodies, post-date the formation of the 
calc-silicate skarns.

Thus, the Botro ai Marmi system underwent input of Ca, 
Si and mostly of Mg and Fe from an external source. This 
implies a relative decrease in concentration for immobile 
elements. This element input is concurrent with the forma-
tion of calc-silicates and the release of  CO2 by the decar-
bonation reaction (Harlov and Austrheim 2013). The inter-
action between monzogranite and  CO2-rich fluids, released 
during calc-silicate reactions, can explain the high K and Ba, 
and to a lesser extent, Sr abundance in the metasomatized 
granite. Assimilation of marble country rocks can account 
for the high Ca and Sr contents observed in the metasoma-
tized samples. However, this process can only justify Ca and 
Sr abundances in granite samples very close to the granite/
wall–rock interface. In fact, the assimilation is limited by 
the amount of heat available and by the surface area of the 
assimilated rocks (Durand et al. 2009). These observations, 
coupled with the Mg and Fe-rich nature of metasomatic min-
erals, point to an origin of hydrothermal fluids at least partly 
from an external mafic igneous source as also inferred for 
the adjoining Temperino mining area (Vezzoni et al. 2016).

Acidic metasomatism The increasing acidity of circu-
lating fluids, possibly related to mixing with acidic fluids 
released at depth by the granite body, is testified by patchy 
zoning (i.e., titanite), as well as dissolution–recrystalliza-
tion textures, pseudomorphs, and pronounced zoning in 
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calc-silicates (Figs. 2, 3, 4). Acidic metasomatism could be 
responsible for the intense alteration of accessory minerals 
included in biotite (apatite, zircon, monazite, and ilmenite), 
as testified by aggregates of euhedral accessory minerals 
(apatite, zircon, and monazite) bordering deeply metasoma-
tized biotite crystals. Moreover, strongly chloritized biotite 
commonly hosts fluorite crystals in interlayer positions. 
The crystallization during this stage of Ca-REE-rich miner-
als, such as allanite, ekanite, and cheralite, lends support 
to the mobilization of HFSE/REE by fluids characterized 
by increasing acidity (Fig. 4). Moreover, the continuous 
crystallization of calc-silicates (Ca sequestration) increases 
the acidity of the fluids, leading to the alteration of earlier 
calc-silicates with diffuse crystallization of accessory min-
erals (e.g., thorite, uraninite, and zircon), usually on their 
surfaces or in fractures (Fig. 4i). Again, F-rich fluid circula-
tion is supported, in endoskarn, by pseudomorph textures 
developed as fluorite–pyroxene–calcite–quartz aggregates 
replacing diopside–calcite–quartz assemblages (Fig. 4b), or 
in exoskarn, by the pseudomorphic replacement of Ca-REE-
silicates (Fig. 4g; ekanite replaced by thorite–quartz pseu-
domorphs). The abundance of quartz-fluorite veins associ-
ated with crystallization of HFSE–REE and Th–U accessory 
mineral aggregates (veins and inclusions) indicates that this 
stage postdated potassic–calcic metasomatism. The acidic 
metasomatism extended into the surrounding host rock and 
involved the formation of minerals filling fractures in the 
granite, in the endoskarn at the pluton–marble contact, and 
in the exoskarn bodies. The ubiquitous presence of fluo-
rite in skarn, granite, and quartz–fluorite veins suggests 
that acidic, F-rich fluids circulated in the system during the 
whole metasomatic activity. Finally, data from quartz-hosted 
fluid inclusions from the Botro ai Marmi granite, containing 
high NaCl and KCl contents (Caiozzi et al. 1998; Fulignati 
et al. 2018), show that Cl fluids should be taken into account 
for the increasing acidity of the system and for the progres-
sive mobilization of REE (Gysi and Williams-Jones 2013; 
Gysi et al. 2016).

Accessory minerals (REE and HFSE mobility) As com-
monly observed in peraluminous granites, the content of 
REE and HFSE is linked to the abundance of accessory min-
erals, which are mostly included in biotite or other phyllo-
silicates (Clarke 1981; Villaseca et al. 2012). Peraluminous 
granites from Tuscany are no exception, with most acces-
sory minerals included in biotite (e.g., Dini et al. 2005). 
Thus, the metasomatism of phyllosilicates could promote 
the mobilization of HFSE and REE into the system. At 
Botro ai Marmi, this process of HFSE–REE mobilization 
is mostly attributed to acidic, F(–Cl)-rich fluids for a sum 
of evidence: (1) the common occurrence of fluorite inter-
layered in the biotite structure, generating a focused chlo-
ritic alteration; (2) the process of dissolution/precipitation 
of accessory minerals, that commonly recrystallized at or 

across the rim of biotite; (3) the abundance of unusually 
large apatite, as well as small euhedral monazite and zircon 
bordering metasomatized biotite; (4) monazite is uncommon 
in biotite, except for a few crystals showing pseudomorphic 
textures, while it is commonly found as 5–20 µm crystals in 
interstitial K-feldspar and quartz, or forming trails of crystals 
in interstitial K-feldspar (10–15 µm monazite–zircon aggre-
gates); (5) zircon is the accessory mineral most resistant to 
metasomatic alteration processes, according to its abundance 
in both fresh and metasomatized biotite, with the most sig-
nificant evidence being the crystal shape and size: zircons 
included in biotite are usually rather large (50 up to 200 µm) 
and show variable euhedral shapes, whereas those found at 
the border of biotite or in endoskarn are usually smaller than 
30–50 µm, showing morphological features such as lack of 
prismatic faces, absent or rare inclusions, pointing out that 
these small zircons are the product of late, low-temperature 
crystallization (Schaltegger 2007).

Recent works show that a neat hydrothermal origin for 
apatite and zircon can be inferred by their occurrence in 
exoskarn bodies. Extensive evidence has been obtained for 
hydrothermal zircon crystallized from volatile-rich par-
tial melts metasomatized mantle, beneath old continental 
roots, later sampled incidentally by kimberlite (Griffin et al. 
2000). Finally, little evidence exists for hydrothermal zircons 
derived from metasomatism of a granitic rock (Yang et al. 
2009; Park et al. 2016) and no evidence for hydrothermal 
zircons from metasomatic alteration of a peraluminous gran-
ite body is reported. In this context, recognizing the hydro-
thermal nature of zircon could be pivotal in reconstructing 
metasomatic processes by U–Pb dating. U–Pb dating of reli-
ably identified hydrothermal zircon would complement less 
precise and multiply biased U–Pb ages of apatite, monazite, 
rutile, and titanite from hydrothermal–metasomatic deposits 
(Fig. 10).

Elemental gain/loss during metasomatism

When igneous rocks are modified to a large extent by meta-
somatic processes (addition/removal of several elements), 
the chemical composition and mineralogy underwent pro-
gressive changes. Thus, any overall model must accommo-
date information from studies addressing different aspects 
of fluid evolution. In this study, we have developed mass-
balance calculations for the amounts of elements added and/
or removed. During alteration, the volumes of plagioclase 
and biotite decrease, and phlogopite replaces biotite, while 
K-feldspar replaces oligoclase, increasing in abundance. 
Such calculations also have to consider the density and vol-
ume changes, because the newly formed minerals in the gra-
nitic rocks have different densities and volumes from those 
in the original rock. Some assumptions also have to be made, 
i.e., whether to balance the chemistry assuming that at least 
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one element is immobile (e.g., Baumgartner and Olsen 1995; 
Grant 1986, 2005; Gresens 1967; López-Moro 2012). Geo-
chemical observations and isocon diagrams (Baumgartner 
and Olsen 1995; Grant 1986, 2005) help to quantify the rela-
tive loss, gain, or immobility of elements during the altera-
tion processes, by comparing the chemical composition of 
fresh (original) and metasomatized samples. The original 
composition of the granite has been selected according to 
petrographic and geochemical observations (Fig. 5). The 
representative pristine sample has been collected as far as 
possible from the contact against the metasomatized granite 
and looks unaffected by metasomatism as indicated by the 
occurrence of fresh biotite crystals. The pristine composition 
has been compared with the metasomatized granite (phlo-
gopite–titanite granite), exoskarn and endoskarn (Fig. 11a, 

b) using isocon diagrams. The selection of immobile ele-
ments for isocon diagrams construction is performed accord-
ing to cluster of slopes or volume factors, as suggested by 
López-Moro (2012). In each diagram, a best-fit isocon, an 
isocon at constant mass, and an isocon at constant volume 
are reported.

Original granite vs. metasomatized granite The compari-
son between cordierite–biotite granite and phlogopite–titan-
ite granite results in very limited volume and mass changes 
(< 1%). Total Mg and Ti do not show significant variations 
(Fig. 11a). An explanation for Ti invariance could be its 
redistribution from biotite in the cordierite–biotite granite, 
to titanite in the metasomatized granite. This interpretation 
is supported by the gain of Ca, which is, in turn, supported 
by gain of P (apatite crystallization). The massive loss of Fe, 
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the significant loss of Na, and the gain of K are driven by the 
complete alteration of biotite and the oligoclase replacement 
by K-feldspar in the metasomatized granite. The significant 
crystallization of K-feldspar could also explain the Rb and 
Ba enrichment. Indeed, Rb is rather compatible in K-feldspar 
and biotite, but highly incompatible in plagioclase. Moreo-
ver, the positive correlation between Sr and Na/K and the 
negative correlation between Rb and Na/K ratio are compat-
ible with plagioclase replacement by K-feldspar. Moreover, 
because the composition of metasomatized rocks is likely to 
be somewhat variable as a consequence of accessory mineral 
abundances, the concentrations of trace elements give valu-
able insights. The main evidences are the general loss of 
metals (Cu, Zn, Zr, Ni, Mo, Sb, and Tl) and the major deple-
tion of Sn and W in the metasomatized granite (Fig. 11a). 
On the other hand, the results obtained from samples from 
the borehole evidenced the loss of Mg, Cr, Ni, Nb, and Sr 
with increasing depth (Figs. 7, 8, 10), probably linked to the 
increasing metasomatic alteration of biotite and K-feldspar 
(replaced by adularia).

Original granite vs. endoskarn The element mobility 
resulting by the replacement with endoskarn is prominent 
(Fig. 11b). The resulting overall mass and volume losses are 
about 5%. Si and Na show a significant loss, mostly resulting 
from the replacement of plagioclase by K-feldspar. Biotite 
leaching caused a massive Fe loss. The apparent Ca, Al, 
Mg, P, and K gain is likely to be caused by both the acidic 
and potassic metasomatic processes. In detail, diopside and 
apatite crystallization is likely responsible for Ca, Mg, and 
P gain, while metasomatic K-feldspar is the better candidate 
to account for the gain of Al and K. As observed for the 
phlogopite–titanite granite, Rb, Ba, and Sr are gained during 
the metasomatic processes, while metals are lost. Endoskarn, 
from borders to core, shows increasing loss of Si, K, Rb, Ba, 
and Sr probably resulting from the replacement of K-feldspar 
by albite. On the contrary, the gain of Fe, Mg, Ca, and Na is 
likely linked to the massive crystallization of calc-silicates 
at the core of endoskarn bodies. Moreover, spike of REE 
could be ascribed to the crystallization of accessory allanite. 
The other trace elements remain almost unvaried (Fig. 12).

Marble vs. exoskarns Chemical mass transfer has been 
quantified between the original composition of the marble 
and the exoskarn products. The marble protolith compo-
sition has been calculated by averaging three analyses of 

pristine marble samples from the host rock. The samples 
have been collected as far as possible from the contact 
against the monzogranite and appear unaffected by meta-
somatic processes. On the other hand, exoskarn bodies are 
mainly characterized by metasomatic diopside, vesuvian-
ite, titanite, phlogopite, garnet, epidote, quartz, and acces-
sory apatite, zircon, and fluorite. Geochemical data sug-
gest an overall strong decrease of Ca and Sr (up to 70%), 
correlating with the decrease of calcite content as the plu-
ton contact is approaching. A significant gain of Si, Fe, 
Mn, Ti, as well as Cr, Sc, and Zn is linked to calc-silicate 
crystallization. The gain of REE, Y, and Zr can be ascribed 
to the crystallization of HFSE/REE accessory minerals 
(e.g., zircon and allanite) and of REE-rich calc-silicates 
(e.g., vesuvianite and titanite). The contents of W, Sn, 
Pb, and other metals increase toward the contact with the 
intrusion, showing the lowest values in the garnet–vesu-
vianite skarn. The Al content increases from diopside, 
through garnet–vesuvianite to phlogopite-skarn, correlat-
ing with phlogopite abundance. P content is strictly related 
to the abundance of apatite, which increases in phlogopite 
and garnet–vesuvianite skarn. The REE distribution, as 
observed in endoskarn, is mostly related to calc-silicates 
and accessory minerals abundance. For example, the 
enrichment in La and Ce is petrographically testified by 
allanite crystallization. Usually, diopside exoskarn shows 
a loss of REE (except for La, Ce), while phlogopite and 
garnet–vesuvianite skarns show REE gain, with positive 
anomalies of HREE. Garnet, with its high partition coeffi-
cients for HREE (Gaspar et al., 2008), is a good candidate 
to account for the gain of HREE. Thus, garnet contains 
most of the HREE budget of the whole rock. Moreover, 
as supported by field and petrographic observations, the 
phlogopite-rich exoskarn preferentially replaces folded 
marble (marly layers). Comparing marble and exoskarn, 
it emerges that (1) the gain of Rb, Sr, Ba, K, and Al cor-
relates with phlogopite, K-feldspar, and albite new crys-
tallization, (2) the prominent depletion in Ca corresponds 
to the consumption of calcite, with Ca that is partially 
leached away from magmatic-hydrothermal solutions (see 
Kwak and Tan, 1981), (3) a strong gain of metals and trace 
elements such as Sn, W, Sb, and Nb did occur, and (4) the 
significant gain of LREE correlates with the crystallization 
of accessory allanite, which has a very high partition coef-
ficient for LREE (Bea 1996; Herman 2002). The mineral-
ogical and geochemical evolution from marble to exoskarn 
documents the elemental transfer during metasomatism. 
The general volume loss, up to 25% for the Grt-Vs skarn, 
probably resulting from marble decarbonation, never cor-
relates with significant mass loss. Indeed, the increase of 
the density (up to 70% in the Grt-Vs skarn), due to new 
calc-silicate crystallization, compensates the mass loss 
resulting from the decarbonation process.

Fig. 11  Main isocon diagrams of cordierite–biotite granite against: a 
phlogopite–titanite granite (Ti as immobile element) and b endoskarn 
bodies (Si as immobile element) from rim (circle) to middle (square) 
and to core (triangle). In both the diagrams, the quantification of vol-
ume changes and mass-balance modeling has been realized according 
to López-Moro (2012). The selection of immobile elements for iso-
con diagram construction is performed according to clusters of slopes 
and/or volume factors (López-Moro 2012). Green: best-fit isocon; 
blue: isocon at constant mass; orange: isocon at constant volume

◂
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Summary and comparison of elemental circulation 
during metasomatism

The comparison of the isocon diagrams allows to speculate 
on the origin of the metasomatic fluids. Gain of Mg, Ca, 
K, and, to a lesser extent, of Sr, Ba, and Cr in the metaso-
matized granite and in the endoskarn supports a possible 
release of fluids from a mafic magma. Loss of Fe, Co, Th, 
and strong circulation of Ti and REE in the granite result 
from the metasomatism of biotite and accessory miner-
als which it includes. Overall, the metasomatized granite 
shows enrichment of those elements that are leached from 
the endoskarn and depletion of some elements that are rather 
in endoskarn body, which, moreover, is enriched in elements 
that necessarily came from an external source.

Complex metamorphic–metasomatic–hydrothermal 
e"ects in multi-pulse intrusions

The high-temperature reactions activated during and follow-
ing the granite intrusion in the country rock are quite a com-
plex sequence, characterized by the superposition of various 
mineralization patterns resulting from multiple metasomatic 
events. A sequence of mineral assemblages and a change in 
bulk chemical composition can be traced from the un-meta-
somatized marble towards the granite body, and it can be 
related to specific metasomatic processes. Petrographic and 
geochemical data show that the question about the nature 
and source of metasomatic fluids is not easily answered. 

Among possible hypotheses that can be formulated, multiple 
sources are likely the best option.

First of all, such data are typical of potassic metasoma-
tism commonly affecting porphyry (Seedorff et al. 2005) 
and epithermal mineralizing systems (e.g. Serifos Island, 
Ducoux et al. 2017). These systems are characterized by 
replacement of plagioclase by orthoclase, breakdown of 
biotite, and growth of new micas (phlogopite) and adularia 
(e.g., Pirajno 2009), as well as sulfide formation (chalcopy-
rite, pyrite, and molybdenite). The process of potassic meta-
somatism in porphyry-type mineralization is thought to be 
triggered by fluids extracted from magmas of intermediate 
compositions (mostly latitic-to-andesitic) and calc-alkaline 
to high-K calc-alkaline affinity (Sillitoe 2010). On the other 
side, peraluminous plutons worldwide are mostly associ-
ated with Sn skarns. The least Al-saturated plutons have 
the thermal and chemical activities to form Ca–Fe skarns, 
which usually show a significant mantle signature and rela-
tively little interaction with continental sedimentary material 
(Meinert et al. 2005). Pyroxene and garnet–pyroxene skarns 
typically resulted from interaction between metasomatic flu-
ids released by a mafic–ultramafic source and a carbonatic 
host rock (e.g., Meinert et al. 2005). Skarn replacing more 
or less pure marble tends to be more Ca-rich, with minerals 
such as hedenbergite, ilvaite, and johansennite as observed 
at the Temperino mine (Vezzoni et al. 2016).

At Botro ai Marmi, a peraluminous monzogranite 
intruded an almost pure marble host. The crystallization of 
new metasomatic minerals corresponds to a general gain 
of K, Ca, Fe, and Mg. The main metasomatic minerals are 

Fig. 12  Schematic cartoon for the metasomatic alteration of the Botro 
ai Marmi peraluminous monzogranite and carbonatic host. The mag-
matic jointing promotes the circulation of K-rich fluid (black) and Ca-

rich fluid (green) in the granite body, while the foliation and folding 
allow the formation of the contact exoskarn in the host
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K-feldspar, phlogopite, titanite, diopside, vesuvianite, and 
grossular (typical of mafic metasomatism). Fluids released 
from an external source as to be invoked to explain the high 
K, Fe, and Mg concentrations considered that country rocks 
have low abundances of these components. Assimilation of 
marble country rocks can only justify Ca and Sr abundances 
in granite samples very close to the granite–marble interface.

Moreover, the nearest Temperino mining area is char-
acterized by a Zn–Pb(–Ag) ore replaced by a Fe–Cu min-
eralization, spatially related with a batch of mafic magma 
(Vezzoni et al. 2016). In that model, Zn–Pb skarn predates 
the Fe–Cu mineralization and formed as a distal skarn hav-
ing no spatial relationship with the magmatic rocks. Thus, 
the emplacement of mafic magma during this first stage is 
not required, given that deep hydrothermal fluids can be 
emplaced independently. Nevertheless, at Campiglia, a mafic 
reservoir is inferred to be active since the emplacement of 
the Botro ai Marmi granite (Paoli et al. 2017; Paoli 2018).

The Tuscan Magmatic Province is known notably for its 
peraluminous granite intrusions, similar to Botro ai Marmi 
granite, which has been emplaced into carbonatic rocks 
and the overlying tectonic units (Dini et al. 2005). These 
intrusions generated HT–LP metamorphism in their host 
rocks (e.g., Campiglia, Gavorrano, Castel di Pietra, Elba 
Island), but no metasomatic products comparable with those 
observed at Campiglia are found elsewhere. The clearest 
example is the Gavorrano pluton, where no metasomatic 
products occur even if the surrounding carbonate rocks suf-
fered metamorphic temperatures (Rocchi et al. 2003) similar 
to those observed at Campiglia. Thus, the metasomatic prod-
ucts observed at Campiglia could not result from a simple 
interaction between the peraluminous granitic magma and 
its carbonate host rocks. Thus, the release of fluids from 
a mafic reservoir could account for the potassic–calcic 
metasomatism observed in the Campiglia system. As addi-
tional support to this interpretation, average orientation of 
endoskarn veins correlates with the bulged geometry of the 
pluton, both in the mine and in the deep borehole. Thus, 
the metasomatism is channeled preferentially in an NE–SW 
direction. These structural and metasomatic evidences could 
be attributed to the action of over-pressurized, mafic fluids 
released from a deeper source.

Furthermore, an outstanding issue is the origin of fluids 
able to generate the Sn–Fe(–W) deposits of Monte Vale-
rio. In this context and according to data from the Botro 
ai Marmi pluton, it is possible that this distal ore deposit 
resulted from the mobilization of elements after the meta-
somatism of the main granite intrusion (Paoli et al. 2017, 
Paoli 2018). The occurrence of Sn–Fe(–W) deposits and of 
HFSE/REE minerals in skarns within hundreds of meters 
of the contact indicates that such fluids circulated through 
the aureole at temperatures similar to those responsible for 
contact skarn formation, suggesting a magmatic origin.

Conclusions and implications

This study shows that the origin of some fluids and meta-
somatic products cannot be simply explained by activities 
related to what can be seen at the outcrop. Hidden intrusions 
of different nature in a multi-pulse magmatic system can 
play a key role both as a source of fluids/metals as well as a 
trigger of chemical reactions in the host rock and in preexist-
ing magmatic products, as well.

Detailed geochemical and mineralogical studies are fun-
damental to understand the single- or multi-pulse nature of 
a magmatic–hydrothermal system. Indeed, in a multi-pulse 
system, the key question is the possible existence of hidden 
magmatic intrusions able to generate fluids and metasomatic 
products. In this respect, the observations at Botro ai Marmi 
set the stage for detailed petrochronology studies of mag-
matic and metasomatic processes in a magmatic–hydrother-
mal system. This rather “young” system offers, indeed, a 
prime advantage over “old” metasomatic systems, which is 
the attempt to discriminate between different metasomatic 
events separated by time lags in the order of 10 s to 100 s ka 
(Paoli et al. 2017, Paoli 2018): the high-precision dating 
methodologies recently made available (Barboni et al. 2015; 
Chiaradia et al. 2013; Farina et al. 2018), when applied to 
systems as young as Botro ai Marmi, allow to discriminate 
even closely spaced events.
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Abstract: The different generations of calc‐silicate assemblages formed during sequential 
metasomatic events make the Campiglia Marittima magmatic–hydrothermal system a prominent 
case study to investigate the mobility of rare earth element (REE) and other trace elements. These 
mineralogical assemblages also provide information about the nature and source of metasomatizing 
fluids. Petrographic and geochemical investigations of granite, endoskarn, and exoskarn bodies 
provide evidence for the contribution of metasomatizing fluids from an external source. The granitic 
pluton underwent intense metasomatism during post‐magmatic fluid–rock interaction processes. 
The system was initially affected by a metasomatic event characterized by circulation of K‐rich and 
Ca(‐Mg)‐rich fluids. A potassic metasomatic event led to the complete replacement of magmatic 
biotite, plagioclase, and ilmenite, promoting major element mobilization and crystallization of K‐
feldspar, phlogopite, chlorite, titanite, and rutile. The process resulted in significant gain of K, Rb, 
Ba, and Sr, accompanied by loss of Fe and Na, with metals such as Cu, Zn, Sn, W, and Tl showing 
significant mobility. Concurrently, the increasing fluid acidity, due to interaction with Ca‐rich 
fluids, resulted in a diffuse Ca‐metasomatism. During this stage, a wide variety of calc‐silicates 
formed (diopside, titanite, vesuvianite, garnet, and allanite), throughout the granite body, along 
granite joints, and at the carbonate–granite contact. In the following stage, Ca‐F‐rich fluids triggered 
the acidic metasomatism of accessory minerals and the mobilization of high‐field‐strength elements 
(HFSE) and REE. This stage is characterized by the exchange of major elements (Ti, Ca, Fe, Al) with 
HFSE and REE in the forming metasomatic minerals (i.e., titanite, vesuvianite) and the 
crystallization of HFSE‐REE minerals. Moreover, the observed textural disequilibrium of newly 
formed minerals (pseudomorphs, patchy zoning, dissolution/reprecipitation textures) suggests the 
evolution of metasomatizing fluids towards more acidic conditions at lower temperatures. In 
summary, the selective mobilization of chemical components was related to a shift in fluid 
composition, pH, and temperature. This study emphasizes the importance of relating field studies 
and petrographic observations to detailed mineral compositions, leading to the construction of litho‐
geochemical models for element mobilization in crustal magmatic‐hydrothermal settings. 

Keywords: metamorphic contact aureole; metasomatism; HFSE/REE‐bearing minerals; HFSE/REE 
mobility; REE‐rich metasomatic Ca‐silicates 
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1. Introduction 

Understanding post‐magmatic high temperature metasomatic processes of granitic bodies is 
essential in the investigation of the hydrothermal mobility of metals. Indeed, these processes trigger 
the formation of valuable metasomatic deposits of rare earth element (REE) and various other co‐
existing trace metals (Cu, Zn, Zr, Ni, Mo, Sb, and Tl) [1]. Metasomatic minerals that incorporate these 
elements are important geochemical indicators that can provide significant information about the 
nature and source of the metasomatizing fluids [2–4]. In addition to the common REE‐bearing 
minerals, such as monazite, fluorapatite, and allanite, significant amounts of REE have been observed 
in several common minerals such as titanite, garnet, vesuvianite, and zircon [2–6]. The wide variety 
of calc‐silicates formed during concurrent metasomatic events occurring at Campiglia make this 
magmatic‐hydrothermal system a prominent case study to investigate the mobility of REE coupled 
with the mobility of other co‐existing trace elements. Indeed, the study of micro‐scale processes 
recorded in the chemical features of the zoned minerals can provide important insights into the 
compositional evolution of the metasomatizing fluids. 

Tracing element mobility during metasomatism is commonly performed by comparison of the 
whole‐rock analysis of metasomatized vs. un‐metasomatized rocks in order to observe gain/loss of 
elements [5]. However, when element mobility is limited (ten to hundreds of meters), then 
comparison of whole‐rock analysis alone may obscure some micro‐scale processes (i.e., replacement 
textures and pseudomorphism). Moreover, the geochemical evolution of metasomatic fluids may be 
recorded in individual zones in metasomatic minerals, as observed for garnet [7,8], Ti‐bearing 
minerals [9,10], as well as high‐field‐strength elements (HFSE) and REE accessory minerals [11] from 
metasomatic environments where mineral growth reflects the combined effects of heating and fluid 
infiltration. Therefore, the determination of major and trace elements in selected minerals has to be 
integrated with geological data (field relationships, textural evidence, mineral parageneses). This 
analytical combination allows for better evaluation of the contribution of each mineral phase to the 
overall change in fluid composition as well as the identification of possible litho‐geochemical vectors 
of the metasomatism. Moreover, performing a detailed in‐situ geochemical investigation of minerals 
involved in a metasomatic process may have implications for the evaluation of the metasomatic 
mobility of the studied elements. Thus, the aim of this study is to investigate how metasomatism 
affects the mobilization/concentration of elements in a granite body with a peraluminous nature 
emplaced in a shallow crustal setting. In this work we correlate geochemical changes on the micro‐
scale to regional hydrothermal circulation and element mobilization. Moreover, this study attempts 
to determine the geochemical evolution of hydrothermal fluids during metasomatic stages, by 
investigating the changes in trace element composition of the main rock‐forming minerals and 
defining key metasomatism reactions linking mineral textures and chemistry. 

At Campiglia Marittima (Figure 1), previous work has ascribed mineralogical and geochemical 
variations in the metasomatized granite to the interaction between granitic magma and CO2‐rich 
fluids released during decarbonation reactions in the heated marble country rock and/or auto‐
metasomatism caused by late‐stage hydrothermal fluids emanating from the crystallizing magma 
[12,13]. However, the data obtained by mineralogical, textural, and geochemical investigation of the 
granite, endoskarn, and exoskarn bodies allow us to speculate that CO2 played an important role as 
a metasomatizing fluid only at the very beginning of metasomatic activity during thermal 
metamorphism, leading to calcite dissociation before other fluids prevailed on it. Furthermore, our 
companion study provides evidence for another potential contribution of elements originating from 
an external source [1], which is manifested by two metasomatic events—the first characterized by 
circulation of K‐rich, then Ca(‐Mg)‐rich fluids, and the second represented by acidic, F‐rich fluids. 

According to reference [1], the wide variety of calc‐silicates (diopside, titanite, vesuvianite, 
garnet, and epidote group minerals) formed during the first metasomatic event, together with the 
mineral disequilibrium features developed during the second, acidic event (pseudomorphs, patchy 
zoning, dissolution/reprecipitation textures), make Campiglia igneous–hydrothermal complex a 
prominent case study in which to investigate the evolution of fluids and element mobility resulting 
from the metasomatism of a peraluminous granite. In this study, we combine (i) detailed 
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mineralogical and textural investigations, (ii) whole‐rock and mineral geochemical analysis, and (iii) 
in situ trace element determinations, which allow us to infer the elemental transfer mechanism during 
metasomatic processes. 

 
Figure 1. (A) Location map of the Campiglia area and (B) schematic geological map (after [1]). The 
pluton roof morphology is also reported (grey lines). (C) Cordierite‐biotite (Crd‐Bt) vs. phlogopite‐
titanite (Phl‐Ttn) granite. (D) Metasomatized granite with tourmaline (Tur) orbicoles. (E) Endoskarn. 
(F) Vesuvianite‐garnet (Cpx‐Grt) exoskarn with calcite veins. (G) Centimetric folds in white‐grey 
marble. (H) Folded marble replaced by phlogopite‐diopside (Di) exoskarn, into layered grey marble. 
The core of the fold shows an indented contact. (I) Cross section showing lithological distribution 
with depth and the location of drill cores (modified after [1]). (J) Q’‐ANOR classification diagram for 
plutonic rocks [1]. Q’ = 100 × [Qtz/(Qtz + Ab + O + An)] and ANOR = 100 × [An/(An + Or)], where Qtz 
(quartz), Ab (albite), Or (ortose), and An (anorthite) are normative minerals.  

2. Geological Petrographic Background 

The Campiglia Marittima area (hereafter Campiglia) is characterized by a north to south 
trending horst of Mesozoic carbonate rocks, confined in a Jurassic‐Eocene siliciclastic succession. The 
shallow crustal emplacement, at ca. 0.10–0.15 GPa [13], of the Botro ai Marmi (BM) granite pluton 
occurred at ~5.44 Ma (zircon ID‐TIMS U‐Pb age) [14,15]. The thermal aureole reached temperatures 
as high as 500–550 °C at the contact [13,16]. Later, at 4.30 ± 0.13 Ma (whole‐rock K‐Ar age) [17], mafic 
and felsic porphyritic bodies crosscut the contact aureole produced by the pluton in the host 
carbonates (~8 km2) [18]. Finally, to the west of the horst, the rhyolitic extrusive complex of San 
Vincenzo was emplaced at 4.38 ± 0.04 Ma (sanidine 40Ar‐39Ar age) [19]. In the Campiglia horst, it is 
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possible to distinguish between metasomatic and ore bodies in close spatial association with the BM 
granite. These lithologic types occur as (i) two important granite typologies, a pristine cordierite‐
biotite granite, and a pinkish‐white granite. The latter is characterized by an intense metasomatic 
replacement of biotite by phlogopite, Ti‐rich minerals, and minor chlorite; (ii) an endoskarn system 
resulting from the metasomatism of the igneous rock, which is developed along granite joints; (iii) a 
variety of exoskarns resulting from the metasomatic replacement of the host carbonate (see Figure 1); 
(iv) the main Campiglia Fe‐Cu‐Zn‐Pb(‐Ag) skarn deposit, which consists of several bodies and veins 
that crop out discontinuously [18]; and (v) minor Sn‐W‐As bodies which outcrop nearby [18], and are 
not described in this work. These lithologic types originate from an igneous stage, a potassic‐calcic 
metasomatic episode, and a lower temperature acidic metasomatic stage [1]. 

As reported in reference [1], the BM pluton has a syenogranitic to monzogranitic composition 
(SiO2 = 68–72 wt %) and a peraluminous character (Figure 1) [1]. The cordierite‐biotite granite is found 
in a few small outcrops at the BM mine. It is a medium‐grained rock with K‐feldspar phenocrysts (5–
10 vol. %). Its primary igneous assemblage consists of K‐feldspar (30–35 vol. %), quartz (30–35 vol. 
%), plagioclase (20–30 vol. %), and biotite (5–10 vol. %), along with late‐magmatic tourmaline and 
accessory cordierite, apatite, and zircon. Tabular K‐feldspar (orthoclase, Or85–90) also occurs as 
megacrysts (up to ca. 5 cm). Plagioclase (An35–45) usually shows enrichment in the albitic component 
moving from core to rim. The rim is characterized by a clear, thin oligoclase overgrowth (An10–15) 
[1,14,15]. Moreover, the authors of reference [1] argued that, after emplacement and crystallization, 
the circulation of high‐temperature metasomatic fluids triggered a pervasive potassic‐calcic 
metasomatism of the cordierite‐biotite granite (Figure 2). 

 
Figure 2. Mineral paragenesis for the original and metasomatic assemblages from the Campiglia 
system, modified after [1]. *Plagioclase (Plg) rim (An10–15) completely replaced by K‐feldspar (Kfs), 
while the plagioclase core (An35–45) is partially replaced. **calc‐silicates dissolution/replacement, HFSE 
and REE local mobilization, chemical zoning of vesuvianite (Vs), titanite (Ttn), diopside (Di) and 
garnet (Grt). All = allanite; Ap = apatite; Apy = arsenopyrite; Bt = biotite; Cal = calcite; Ccp = 
calcopyrite; Chl = chlorite; Crd = cordierite; Ep = epidote; Fl = fluorite; Gn = galena; Ilm = Ilmenite; Phl 
= phlogopite; Py = pyrite; Po = pyrrhotite; Qz = quartz; Rt = rutile; Sph = sphalerite; Tur = tourmaline; 
Urn = uraninite; Zrn = zircon. Mineral abbreviations from reference [20]. 

Potassic metasomatism affected the whole granite body, leading to the almost complete 
replacement of the cordierite‐biotite granite by phlogopite‐titanite granite (Figure 1). The pinkish‐
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white metasomatized granite (95 vol. % of the outcropping granite) is characterized by the almost 
complete replacement of biotite by phlogopite (50%; 100·Mg/(Mg + Fe2+) = Mg# = 0.5), chlorite (30%), 
and titanite (20%), which has been later partially converted to rutile [1]. Biotite relics show an 
abundance of FeO (up to 25 wt %) and TiO2 (up to 4 wt %), common layer‐by‐layer replacement by 
chlorite and/or phlogopite, and numerous inclusions of metasomatic minerals (i.e., titanite, fluorite, 
rutile, and adularia). In this rock, the content of the plagioclase (oligoclase) is considerably reduced 
to ~5 vol. %. This mineral is usually replaced by interstitial K‐feldspar (Or80–90), which shows a 
composition similar to orthoclase in the cordierite‐biotite granite [15]. The widespread occurrence of 
minor diopside, amphibole, and accessory minerals (including apatite and zircon) is important 
evidence of metasomatic reactions. Concurrently, a calcic metasomatic event affected the original 
granite generating a system of endoskarn‐aligned bodies along the granite joints to join the exoskarn 
aureole, and both the granite and the marble at the pluton‐host contact, which indicate complex fluid 
circuits. In endoskarn bodies, where the Ca activity is prominent, biotite and feldspar are replaced 
by diopside and other calc‐silicates (50–60 vol. %) such as titanite (5–10 vol. %; occasionally up to few 
cm) and phlogopite (10–15 vol. %). Minor epidote, albite, apatite, and zircon, together with accessory 
sulfides and calcite (5–10 vol. %), occur in the incipient metasomatized granite. Instead, exoskarn 
bodies occur as massive bodies at the pluton–marble contact or as the replacement of the ductively 
folded carbonatic host‐rock, suggesting preferential pathways for metasomatic fluids (Figure 1) 
[1,18]. The most representative metasomatic minerals are calc‐silicates (i.e., diopside, vesuvianite, 
garnet, titanite, and allanite; up to 60 vol. %), calcite (up to 30 vol. %), as well as phlogopite, minor 
scapolite, and sulfides. Multiple effects from hydrothermal fluid circulation overlap through time, 
resulting in complex mineral associations, such as replacement textures (allanite, REE‐bearing 
minerals, and pyroxenoids replacing garnet, pyroxene, titanite), pseudomorphism, and strong 
mineral zoning [1]. 

The ubiquitous presence of fluorite in skarn, granite, and quartz‐fluorite veins suggests that 
acidic F‐rich fluids circulated in the system during the whole of the metasomatic activity [15]. The 
continuous crystallization of calc‐silicates (Ca‐sequestration) and the increased F activity led to the 
metasomatism of earlier calc‐silicates. The results from this acidic metasomatic stage are highlighted 
by diffuse patchy zoning (i.e., titanite), dissolution–recrystallization textures, pseudomorphs, and 
pronounced zoning (Figure 3) [1]. Moreover, acidic metasomatism is reputed to be responsible for 
the intense metasomatism of accessory minerals included in biotite (apatite, zircon, monazite, and 
ilmenite), as suggested by aggregates of euhedral accessory minerals (apatite, zircon, and monazite) 
bordering deeply metasomatized biotite grains (Figure 3I–L). In addition, the crystallization of Ca‐
REE‐rich minerals, such as allanite and cheralite, during this stage reflect the mobilization of 
HFSE/REE by fluids with increasing acidity (Figure 3F) [1,14,15]. 
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Figure 3. Backscattered electron images showing (A) Euhedral zoned titanite (Ttn) with relict K‐
feldspar (Kfs) and quartz (Qz), in the endoskarn. (B) Zoned vesuvianite (Vs) with fractures filled by 
REE‐enriched overgrowth. (C) Late allanite (Aln) replacing epidote (Ep) in diopside‐rich exoskarn. 
(D) Dissolution texture of diopside (Di) and titanite, with late calcite (Cal). (E) Fluorite (Fl) + calcite + 
quartz + diopside pseudomorphs in a clinopyroxene‐rich exoskarn. (F) Pseudomorph of (Thr)thorite 
+ quartz after cheralite (Che), with apatite (Ap), quartz and calcite in (Cpx)clinopyroxene‐rich 
exoskarn. (G) Metasomatic fluorapatite and zircon (Zrn) bordering metasomatized biotite (Bt) 
partially replaced by phlogopite (Phl) (H) Zircon and uraninite (Urn) on “spongy” titanite. (I) 
Pinitized cordierite (Crd) with albite (Ab) corona, in monzogranite. (J) Ilmenite (Ilm) replaced by 
titanite and rutile (Rt) related to biotite replaced by chlorite (Chl). (K) Apatite, zircon, pyrite (Py) and 
monazite (Mnz) in altered granite. (L) Metasomatic monazite and zircon in secondary K‐feldspar. 
Mineral abbreviations from reference [20]. 

3. Methods 

Major elements of selected minerals were analyzed using a JEOL 8200 electron microprobe 
equipped with five wavelength dispersive spectrometers (WDS) and a PulseTor Maxim EDS detector, 
at the University of Milano, Milano, Italy. The WDS analysis were conducted at 15 kV, with a 30 nA 
beam current and a beam diameter of 5 µm. The smallest crystals were only identified from element 
maps and semi‐quantitative analysis using a Philips XL30 scanning electron microscope equipped 
with an EDAX DX4 detector and a field emission‐SEM (FE‐SEM; University of Pisa, Pisa, Italy). 
Additionally, a Thermo Scientific iCAP‐Q ICP‐QMS, coupled with a Photon Machine G2 193 nm 
excimer Laser Ablation system, was used for high spatial resolution trace element determination of 
the same minerals at the University of Perugia, Perugia, Italy. 42Ca, 29Si, and 47Ti, previously 
determined by electron microprobe analysis, were used as internal standards [21]. Detailed analytical 
methods are reported in Supplementary File S1. 

4. Results—Microtextures and Mineral Chemistry 

Textural evidence from field relations and thin sections, along with scanning electron 
microscopy coupled with energy dispersive spectroscopy (SEM‐EDS) analyses, have been used as the 
basis to select the minerals involved in the metasomatic reactions (Figure 3, Table 1) [1], and to 
perform major and trace element analysis. The mineral chemistry has been used to document the 
mobility of elements between the granite, the marble, and metasomatic products. According to 
reference [1], variations in the mineral chemistry from the feldspars, micas, calc‐silicates, Ti‐bearing 
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minerals, and accessory minerals indicate multiple processes of mineral–fluid interaction and reflect 
the metasomatic fluid evolution. 

Table 1. Main metasomatic minerals observed in the Campiglia system. 

Origin General Group 
Min. Name Mineral 

Chemistry Abundance (vol. %) 

Symbol main features Crd‐Bt 
granite 

Phl‐Ttn 
granite 

Endoskar
n 

Di‐
exoskarn 

Phl‐
exoskarn 

Grt‐Vs 
exoskarn 

Magmatic 

Quartz Quartz Qz  30–35 40–45 5–10 ∗∗∗  ∗∗ 
Feldspar gr. Plagioclase Ab  5–10 ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗  

  An  15–20 5–10 5–10 ∗∗∗ ∗∗ ∗∗ 
 K‐feldspar Kfs  30–35 20–25 ∗∗∗ ∗∗∗ ∗∗∗ ∗∗ 

Phyllosilicate Micas Bi 
TiO2 > 3 wt %, Fe 

> Mg 
5–10 ∗∗ ∗∗    

HFSE‐REE min. Phosphates Ap  ∗ ∗ ∗    
  Mnz  ∗ ∗ ∗    
 Zircon Zrn  ∗ ∗ ∗    

Tourmaline  Tourmaline Tur  ∗∗∗ ∗∗∗     

Matasomatic 

Quartz Quartz Qz   ∗∗∗ ∗∗∗ ∗∗∗  ∗∗∗ 
Feldspar gr. Plagioclase Ab    ∗∗∗ ∗∗∗   

 K‐feldspar Kfs   5–10 ∗∗∗ ∗∗∗  ∗∗∗ 

Phyllosilicate Micas Bi 
High TiO2 > 3 wt 

%, 
Fe > Mg 

  ∗∗    

 Phlogopite Phl 
Mg >> Fe, 

<< F, Nb, Nd, 
LREE 

 5–10 5–10 5–10 30–35 5–10 

 Chlorite Chl 
Mg >> Fe, K, 

trace F 
 ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ 

Ti‐minerals Ti‐minerals Ttn 
high Al, HFSE, 

LREE, F 
 ∗∗∗ 5–10 5–10 5–10 5–10 

  Rt 
Nb, Cr, V, Al, Zr, 

Sc, Sn 
 ∗ ∗ ∗ ∗ ∗ 

Calc‐silicates Pyroxene Di Zn, Na  ∗∗ 15–25 15–25 25–35 5–10 
  Hd Zn, Na   ∗∗∗    

 Vesuvianite Vs 
Th, U, LREE, F, 

Li,  
Be, Zn, Zr 

  ∗∗ ∗∗∗ ∗∗∗ 20–40 

 Garnet Gr    ∗∗ ∗∗∗ ∗∗∗ 11232 
  Ad     ∗∗ ∗∗ ∗∗∗ 
 Epidote gr. Ep Sr, Sn, Sb, Th, U  ∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ 
  All Sr, Sn, Sb, Th, U  ∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ 
 Calcite Cal   ∗∗ 5–10 5–10 15–20 ∗∗∗ 

HFSE‐REE min. Phosphates Ap F  ∗ ∗ ∗∗ ∗∗ ∗ 
  Mnz   ∗ ∗    
  Che   ∗ ∗    
 Zircon Zrn  ∗ ∗ ∗ ∗ ∗ ∗ 
 Th‐U min. Urn Th ∗ ∗ ∗ ∗ ∗ ∗ 
  Thr U ∗ ∗ ∗ ∗ ∗ ∗ 
 Fluorite Fl Sr, Y, LREE ∗∗ ∗∗ ∗∗ ∗∗ ∗∗ ∗∗ 
 Sulfides Py  ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ 
  Po  ∗∗ ∗∗∗ ∗∗∗ ∗∗ ∗∗ ∗∗∗ 
  Sp  ∗∗ ∗∗ ∗∗ ∗∗ ∗∗ ∗∗ 
  Ccp  ∗∗ ∗∗ ∗∗ ∗∗ ∗∗ ∗∗ 
  Gn  ∗∗ ∗∗ ∗∗ ∗∗ ∗∗ ∗∗ 

Note: * = accessory; ** = 1 vol. %; *** = 1–5 vol. %. Ab = albite; An = anorthite; Bi = biotite; Ap = apatite; Mnz = 
monazite; Ttn = titanite; Rt = rutile; Di = diopside; Hd = hedenbergite; Gr = grossular; Ad = andradite; All = 
allanite; Che = cheralite; Urn = uraninite; Thr = thorite; Py = pyrite; Po = pyrrhotite; Sp = sphalerite; Ccp = 
chalcopyrite; Gn = galena. Mineral abbreviations from reference [20]. 

4.1. Magmatic Minerals 

Cordierite‐biotite granite is found as a few small patches inside the BM mine (Figure 1) in deep 
portions of monzogranite brought at shallow depth by breccia pipes and, moving to the south, at 
increasing depth in several boreholes [1]. The original pluton is a medium‐grained cordierite‐biotite 
granite. The primary igneous assemblage consists of K‐feldspar (30–35 vol. %), quartz (30–35 vol. %), 
plagioclase (20–30 vol. %), and biotite (5–10 vol. %), along with accessory cordierite, fluorapatite, 
zircon, and late‐magmatic tourmaline (Figure 2) [1]. 
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4.1.1. Feldspar Group 

The alkali feldspar is the main mineral in the granite (50–30 vol. %) and is found as two 
generations of crystals—igneous and metasomatic (Figure 4). The first igneous generation usually 
occurs as medium‐sized euhedral crystals, occasionally forming tabular phenocrysts up to 3–5 cm in 
size, and as late magmatic interstitial grains. There is no significant chemical variability between 
crystal core and rim (orthoclase, Or85–90). Plagioclase crystals (up to 30 vol. %) are subhedral to 
euhedral, showing a compositional zoning from An35–45 to An10–15 (Table 2). 

 
Figure 4. Quantitative Evaluation of Minerals by Scanning Electron Microscopy (QEMSCAN) 
images of two granite samples. (A) Thick overgrowth of oligoclase (An10–15) on andesine plagioclase 
(An35–45). (B) K‐feldspar replace albite and increases from 30 vol. % to about 50 vol. %. 

Table 2. Selected scanning electron microscopy coupled with energy dispersive spectroscopy (SEM‐
EDS) and electron microprobe analyses for minerals from the Botro ai Marmi (BM) granite. 

Rock 
Type 

Bt‐Crd 
Granite 

Phl‐Ttn 
Granite Bt‐Crd Granite 

Bt‐Crd 
Granite 

Phl‐Ttn Granite 

Mineral Kfs1 Kfs2 Kfs4 Kfs5 
Plg‐
5r 

Plg‐
5m 

Plg‐
5c 

Bt (BM5) Phl (GBM2A) 

SiO2 65.7 65.7 65.9 65.4 67.3 60.4 57.7 38.3 38.2 51.4 40.3 41.8 
TiO2 bdl bdl 0.02 0.01 bdl 0.02 bdl 3.70 3.59 1.52 0.58 2.08 
Al2O3 19.5 19.2 19.6 19.5 21.5 26.0 27.8 15.5 15.6 6.27 14.5 13.3 
Cr2O3 0.02 bdl bdl 0.03 bdl bdl bdl bdl bdl bdl 0.02 0.02 
FeO bdl bdl 0.03 bdl 0.02 bdl 0.20 17.8 17.2 1.29 4.94 6.24 
Mno bdl 0.01 bdl bdl bdl 0.01 0.02 0.28 0.27 bdl 0.04 0.04 
MgO 0.02 0.02 bdl 0.03 bdl bdl 0.01 9.57 8.92 23.8 22.1 20.7 
CaO 0.08 0.03 0.10 0.08 2.96 6.90 8.70 0.11 0.05 0.01 bdl 0.03 
Na2O 1.92 1.70 1.99 1.63 8.80 7.20 6.00 0.06 0.21 0.10 0.23 0.07 
K2O 14.2 15.0 13.8 14.7 0.23 0.16 0.18 8.47 8.41 9.96 10.4 10.2 

F nd nd nd nd nd nd nd 0.37 0.41 3.05 1.37 2.31 
Mg# nd nd nd nd nd nd nd 0.49 0.48 0.97 0.89 0.86 
Fe# nd nd nd nd nd nd nd 0.51 0.52 0.03 0.11 0.14 

Total 101.4 101.7 101.4 101.4 100.8 100.7 100.6 94.2 92.9 97.4 94.5 96.8 

Note: bdl = below 0.01 wt %; nd = not detected; Mg# = Mg/(Mg + Fe)·100; Fe# = Fe/(Fe + Mg)·100 

4.1.2. Phyllosilicates Group 

Biotite is the only mafic mineral (together with minor late‐magmatic tourmaline) observed in 
the granite (Figure 4). Its composition varies between annite/siderophyllite, with a Fe# values 
between 0.4–0.6, comparable with other peraluminous magmas from Tuscany (Figure 5). Data plotted 
on a MgO‐Al2O3 discrimination diagram [22] show a biotite composition typical of peraluminous 
granites, according to both petrographic evidence (cordierite occurrence) and the alumina saturation 
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index of the rock (ASI = 1.1–1.3). Moreover, biotite shows a high TiO2 content (Table 2). The F content 
is extremely variable, ranging from 0.5 wt % in primary biotite up to 3 wt % in secondary phlogopite. 
The overall F value defines two trends that are well correlated with the Ti and Fe# content (Figure 6). 

4.1.3. Accessory Minerals 

Cordierite represents the most abundant accessory mineral (Figure 3I), indicating the 
peraluminous character of the rock, typical of crustal magmatic products from Tuscany (i.e., San 
Vincenzo and Roccastrada rhyolite, Giglio granite). Cordierite is deeply metasomatized and replaced 
by pinite and thick coronas of albite, supporting alkali metasomatism. Ilmenite is commonly included 
in biotite, with crystals up to 100s µm in size (Figure 3J). Monazite is uncommon in biotite, except for 
few small euhedral crystals (<15 µm) showing pseudomorphic textures, while it is commonly found 
as <20 µm crystals in interstitial K‐feldspar and quartz or forming trails of crystals in interstitial K‐
feldspar (Figure 3L; <15 µm monazite‐zircon aggregates). Zircon crystals vary in size from 50 to 250 
µm and show variable euhedral shapes. The largest crystals are usually included in biotite, while 
smallest crystals are observed in interstitial K‐feldspar (Figure 3K,L). Fluorapatite crystals vary in 
size from small euhedral crystals (50 µm), usually forming an aggregate with other accessory 
minerals, up to 500 µm; it is occasionally included in fresh biotite, while commonly forming 
aggregates in close contact with deeply metasomatized biotite (Figure 3K). 

 
Figure 5. (A) Classification diagram of the phyllosilicates [23] from the BM granite (circle = electron 
microprobe (EPM) analysis; square = SEM‐EDS analysis). For comparison are shown a series of 
phyllosilicate data from the Monte Capanne pluton [24]; a.p.f.u. = atomic unit per formula. (B,C) 
Backscattered electron images of biotite with fluorite (Fl) and adularia (Ad) lamellae as well as k‐
feldspar (Kfs) and quartz (Qz). Biotite is replaced by chlorite (Chl), phlogopite (Phl), and titanite (Ttn). 
In C ilmenite (Ilm) is replaced by titanite and rutile (Rt). Apatite (Ap) and zircons (Zrn) occur both in 
biotite and along its border. (D) QEMSCAN Fe distribution element map at the contact between 
metasomatized and cordierite‐biotite granite. Mineral abbreviations from reference [20]. 

4.2. Metasomatic Minerals 

Metasomatic minerals from Campiglia display simple to complex zoning characterized by major 
and trace element variabilities [1]. Minerals, characterized by irregular zoning, increase close to the 
granite–host rock transition. They reflect multiple metasomatic events characterized by the increasing 
activity of metasomatic fluids. Pyroxene, titanite, and epidotes crystals from the exoskarn bodies 
show the most complex textures [1]. 
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Figure 6. (A, B, C) Compositional diagrams for selected elements in biotite from a cordierite‐biotite 
granite, phlogopite from a phlogopite‐titanite granite, and chlorite from endoskarn bodies. 

4.2.1. Feldspar Group 

The metasomatic generation of feldspar is mostly found as oligoclase pseudomorphic 
replacement rims on igneous plagioclase (first generation) as well as along polysynthetic twinning 
and along fractures. The amount of replacement can be used as a rough marker for progressing 
metasomatism. The two generations of K‐feldspar both have an Or85–90 composition. Sericitization 
increases toward the center of the plagioclase grains and is widespread mostly in the metasomatized 
granite (Figure 4; Table 2). 

4.2.2. Phyllosilicates Group 

The subdivision of the phyllosilicates into separate groups based on their chemistry is consistent 
with petrographic observations of fine intergrowths of either Mg‐phyllosilicates and Fe‐
phyllosilicates, as well as hydrothermal chlorite (Figures 5 and 6; Table 1) [1]. Magmatic biotite is 
completely replaced by phlogopite (Mg# = 0.85–0.95) and chlorite, as well as new crystals of Al‐rich 
titanite and rutile. The original granite shows an abundance of biotite (siderophyllite‐annite series), 
while biotite from the metasomatized granite is an Mg‐rich phlogopite (Figure 5). Phlogopite is 
slightly enriched in LREE‐Nb, and quite enriched in F (3 wt % vs. 0.5 wt % in biotite). Chlorite, which 
commonly replaces biotite in the metasomatized granite, shows F contents up to 0.25 wt %, and is 
observed in close spatial relation with fluorite lining the cleavage. Figure 6 shows the compositional 
diagram for selected elements from biotite and shows that the decrease of the Fe/Mg ratio is positively 
related to Ti, allowing for the distinction between phlogopite and the other micas. Figure 7 presents 
the chondrite‐normalized REE pattern for bulk analysis of biotite and phlogopite, collected from the 
granite and exoskarn, which reflects that of the host rock. Biotite and phlogopite from the original 
and metasomatized granite, respectively, show a slight enrichment in LREE and depletion in HREE. 
In contrast, phlogopite collected from exoskarn bodies shows a less fractionated pattern, which is 
compatible with the whole‐rock diopside‐phlogopite‐exoskarn pattern (see discussion). 
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Figure 7. Chondrite‐normalized REE pattern for biotite and phlogopite from the BM granite, and 
phlogopite from the exoskarn (bulk minerals separate). Whole‐rock (WR) data from reference [1]. 
Chondrite normalization values after [25]. 

4.2.3. Titanium Minerals 

Metasomatic titanite and rutile are widespread in samples from the BM mine and they are 
usually observed replacing ilmenite and/or new crystals related to metasomatized biotite. Ilmenite is 
partially to completely replaced by titanite, which is metasomatized to rutile during a later stage. 
Titanite is also observed in endoskarn veins, forming euhedral, centimetric, patchy zoned crystals [1]. 

Titanite occurs as euhedral to subhedral crystals and is crystallized in multiple generations 
(Figure 3). Electron microscope observations show variable textures, which include (i) simple zoning, 
(ii) patchy zoning, (iii) rim dissolution/corrosion (spongy texture), and (iv) sharp boundaries against 
adjacent zones (Figure 3) [1]. 

Figure 8 indicates that, chemically, some characteristics are common for titanite from all the 
lithologies, such as Al, Zr, Th, U, and REE enrichment (Table 3). The textural variability of titanite 
from the different environments, on the other hand, corresponds to compositional zoning. Titanite 
crystals show variable amount of Sr, Ba, Cr, Mn, Fe, and F (Table 3, Supplementary Table S1), 
indicating that many elements were mobile during its growth. The average composition of titanite 
crystals from different environments is particularly high in Al2O3 content, ranging from a mean value 
of 3.5 wt % up to of 5.5 wt % (titanite in veins). Variations in the Al content partially correspond to 
mineral zoning (Figure 8B). Aluminum shows a positive correlation with F (0.25–0.79 wt %) and Ti. 
Moreover, a negative correlation exists between Ti and F and Al+Fe vs. F. Calcium shows a negative 
correlation with REE and Zr (not show here). Elements on the M3+ site define a negative trend with 
the Ca + Ti content. Thorium (20–500 ppm) shows a positive correlation with U (20–700 ppm), 
reaching maximum values in the centimetric, patchy zoned titanite from the metasomatic veins. REE 
concentrations in titanite show a negative correlation with U/Th ratio (Figure 8D–G) from core to rim. 
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Figure 8. (A) Chondrite‐normalized REE patterns for titanite from the biotite granite, the phlogopite‐
titanite granite and the endoskarn. On the right (B) detailed chondrite‐normalized REE patterns for 
titanite from each lithology are reported. (C–F) Compositional diagrams of metasomatic titanite from 
various lithologic types. For comparison, whole‐rock (WR) data are taken from reference [1]. 
Chondrite normalization values are taken from reference [25]. 

The maximum REE content occurs in titanite from the cordierite‐biotite granite (Table 3). Other 
important enriched elements are Zr (200–6000 ppm), Nb (180–2500 ppm), Y (up to 5370 ppm), and Ta 
(up to 250 ppm). Niobium and Ta show a perfect positive correlation (Figure 9). Furthermore, back‐
scattered electron images of titanite from the granite show homogeneous crystals or simple zoning 
with distinct dark and bright overgrowths. On the other hand, titanite grains from endoskarn and 
exoskarn show more complex patterns, with older zones that truncate and embay younger ones. Each 
zone appears to be internally homogeneous with sharp boundaries against adjacent zones. Even if 
titanite crystals from granite, endoskarn, and veins do not show significant internal variation in the 
REE‐pattern during growth, some clear evidences do exist (Figure 8A,C). All the REE‐patterns 
highlight La‐Ce depletion. Titanite from both slightly altered biotite‐cordierite and phlogopite‐
titanite granite shows two different REE patterns. The first is characterized by a granite‐like pattern, 
while the second shows an overall higher REE content and strong depletion in HREE. Euhedral 
titanite crystals from veins and endoskarn bodies show granite‐like patterns, which are characterized 
by a moderately fractionated profile with an Eu negative anomaly (Eu/Eu* = measured Eu/chondritic 
Eu). 

Table 3. Selected electron microprobe and laser ablation inductively coupled plasma mass 
spectrometry (LA‐ICP‐MS) analyses for titanite crystals from the BM mine. 

Rock Type Bt‐Crd Granite Phl‐Ttn Granite Veins Phl‐Ttn Granite (‐395m) 
Mineral Ttn8 Ttn9 Ttn10 Ttn13 Ttn13_2 Ttn1 Ttn4 Ttn5 Ttn14 Ttn15 

SiO2 31.3 30.5 30.9 30.5 30.8 30.8 31.8 30.8 30.7 30.6 
TiO2 33.6 33.9 32.0 35.0 33.6 33.4 31.2 34.4 33.9 34.2 
Al2O3 3.70 3.15 4.26 2.64 3.85 3.68 5.55 2.92 3.41 2.76 
FeO 0.20 0.16 0.25 0.33 0.21 0.27 0.11 0.25 0.33 0.22 
MnO 0.00 0.03 0.00 0.06 0.02 0.05 0.01 0.04 0.01 0.02 
MgO 0.10 0.16 0.20 0.07 0.16 0.17 0.07 0.19 0.25 0.10 
CaO 28.5 26.9 27.3 27.9 27.1 27.9 28.6 27.0 27.7 27.5 
Na2O 0.02 0.08 0.04 0.04 0.07 0.03 0.00 0.06 0.09 0.05 
Nb2O5 0.08 0.35 0.10 0.17 0.13 0.04 0.17 0.36 0.29 0.32 
La2O3 0.03 0.14 0.15 0.19 0.12 0.05 0.00 0.22 0.12 0.22 
Ce2O3 0.02 1.08 1.00 0.58 0.07 0.56 0.13 1.17 1.01 0.85 
Sm2O3 0.16 0.15 0.06 0.18 0.04 0.00 0.01 0.14 0.14 0.03 
Nd2O3 0.03 0.76 0.78 0.23 0.16 0.24 0.18 0.83 0.51 0.47 

F 0.55 0.35 0.49 0.41 0.46 0.48 0.79 0.31 0.45 0.25 
Total 100.7 99.9 99.6 100.6 99.2 100.0 100.7 100.7 101.2 99.9 

Trace element (ppm)–LA‐ICP‐MS 
Li 5.2 24 9.5 15 1.81 11 5.3 9.4 6.8 6.7 
Be 0.02 1.10 0.22 1.67 bdl 0.20 0.08 0.16 bdl bdl 
Sc 42 247 328 372 389 257 11 663 162 167 
V 920 1075 1476 1105 2398 1451 476 1487 1636 1661 
Cr 636 603 964 1323 1422 904 403 860 786 803 
Mn 87 169 155 168 99 191 90 154 116 118 
Co 0.11 0.15 0.17 0.21 bdl 0.12 0.11 0.11 bdl bdl 
Ni 0.43 0.39 0.41 1.64 0.34 0.39 0.55 0.66 0.32 0.35 
Cu 9.0 9.3 8.4 8.9 8.1 8.0 8.6 8.4 7.8 8.2 
Zn 8.0 8.8 8.1 11 8.3 8.8 8.7 9.8 7.5 7.6 
Ga 18 66 60 54 27 41 16 47 22 22 
Rb 0.25 bdl 0.10 5.9 bdl 0.51 0.13 0.46 bdl 0.07 
Sr 17 31 23 16 15 22 20 25 16 16 
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Y 633 733 726 1239 482 1487 540 777 797 818 
Zr 433 757 516 1710 1070 444 405 1313 965 966 
Nb 816 2440 843 1388 639 828 720 840 1913 1952 
Sn 246 91 74 245 133 43 243 108 407 391 
Sb bdl bdl 0.16 0.60 bdl 0.06 0.12 0.08 0.08 bdl 
Cs 0.21 bdl bdl 0.62 0.02 0.26 0.08 0.08 bdl bdl 
Ba 0.02 0.04 0.04 0.56 bdl 0.07 0.17 0.41 bdl 0.01 
La 282 2551 1816 2265 740 1558 168 1446 421 414 
Ce 1090 9910 7650 7110 2499 5540 688 6020 1679 1689 
Pr 175 1432 1181 994 336 771 116 906 268 269 
Nd 871 6420 5590 4410 1377 3502 628 4480 1212 1199 
Sm 247 1157 1044 1044 275 788 203 883 275 275 
Eu 6.2 3.8 3.6 11 9.6 5.6 5.7 3.9 13 13 
Gd 200 638 588 739 195 582 166 533 214 213 
Tb 28 55 50 84 23 73 23 48 32 32 
Dy 142 193 182 346 106 356 121 192 168 170 
Ho 24 27 27 51 18 56 20 28 30 30 
Er 58 61 62 110 44 133 50 65 75 76 
Tm 8.0 8.4 8.6 14 5.8 17 6.4 8.7 10 10 
Yb 47 61 67 86 38 104 39 62 63 63 
Lu 5.5 10 12 11 5.4 13 3.9 9.4 7.4 7.5 
Hf 47 38 32 114 70 34 27 72 61 61 
Ta 243 351 140 239 70 102 117 132 172 175 
Pb 0.26 1.46 0.39 3.9 0.24 0.43 0.70 0.51 0.28 0.27 
Bi 0.13 0.15 0.21 0.31 0.12 0.16 0.14 0.14 0.16 0.16 
Th 83 374 349 335 161 258 123 170 225 221 
U 151 276 313 244 267 394 196 177 395 392 

Note: For LA‐ICP‐MS data bdl = below detection limit of 0.01 ppm equal to µg·g−1. 

Rutile usually occurs as anhedral crystals in spatial relation with titanite, ilmenite, and 
metasomatized biotite (Figure 3). In the latter, rutile forms needle‐shaped crystals between biotite 
cleavage planes. Titanium varies significantly from 90 to 99 wt %, with high Ti corresponding to less 
bright areas in the back scattered electron images. Occasionally it is possible to observe octagonal, 
euhedral crystals, characterized by prominent zoning (Figure 9). Rutile crystals can reach sizes of up 
to 500 µm (Figure 3), when they completely replace titanite crystals. The average chemical 
compositions of rutile are reported in the Supplementary Table S1. The analyzed samples show a 
significant amount of Nb (0.1–2.8 wt %), Cr (up to 1.6 wt %), Fe (<1 wt %), V (500–3500 ppm), Al (500–
1000 ppm), Zr (70–700 ppm), Sc (40–340 ppm), and Sn (100–200 ppm). Zoned crystals commonly show 
decreasing amounts of Cr, Zr, Nb, and Ta from core to rim, which contrasts with the increasing Fe 
and Al. Low to no detectable concentrations of REE are recorded. The Cr vs. Nb diagram allows two 
populations of rutile to be distinguished, though the Cr/Nb ratio does not change significantly. 
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Figure 9. Compositional diagrams which show the mineral chemistry of metasomatic rutile 
crystallized in the granite during incipient metasomatism of the ilmenite and titanite in the biotite‐
cordierite granite (red) and in the phlogopite‐titanite granite (orange). The diagrams show the 
tendency of Ta to decouple from Nb (chondritic Ta/Nb = 17.6, [26]). On the right, back‐scattered 
electron images show the strong, complex zoning observed in rutile crystals. 

4.2.4. Calc‐Silicate Minerals (Pyroxene, Vesuvianite, Garnet, Epidote Group Minerals) 

The metasomatic calc‐silicates minerals are mainly represented by vesuvianite, diopside, garnet, 
titanite, epidote group minerals, as well as phlogopite, scapolite, and zircon. Other metasomatic 
minerals are fluorapatite, sulfides, fluorite, and minor cheralite. Multiple fluid‐mineral exchange 
reactions are pointed out by (i) the diffuse growth zonation of the calc‐silicates (garnet, vesuvianite, 
allanite, and titanite), (ii) the multi‐stage replacement of calc‐silicate minerals (i.e., epidote → 
allanite; cheralite →  thorite + quartz), and (iii) the occurrence of metasomatic zircon, apatite, 
uraninite, and thorite, replacing intensively metasomatized calc‐silicates (e.g., titanite) [1]. 

The typical metasomatic assemblage in the diopside‐rich zone is diopside + titanite + calcite+ 
quartz + epidote ± K‐feldspar ± plagioclase, with variable abundances of sulfides. Back scattered 
electron images and SEM‐EDS analyzed pyroxene collected from the Campiglia metasomatic bodies 
show a wide range of Ca‐Mg‐Fe pyroxene compositions, mostly falling in the diopside‐hedenbergite 
field. This is seen in abundances of Fe (3–22 wt %) and Mg (3–16 wt %), such that pyroxene 
compositions range from En35–45 to En15–10. Pyroxenes from exoskarn bodies, at the pluton‐marble 
contact, show enrichment in Fe with respect to Mg. In contrast, pyroxene from the endoskarn shows 
a diopsidic composition with the Mg content higher than Fe. Hedenbergite, from vesuvianite rich 
bodies, and diopside, from diopside bearing exoskarn, are clearly distinguishable from the Mg# vs. 
CaO diagram. Variations in the Fe and Mg concentration occasionally produce growth zoning, which 
do not reflect other chemical changes (Figure 3C). The Al content is commonly lower than 0.5 wt %. 
Other trace elements detected by LA‐ICP‐MS are Mn (500–5000 ppm), Ti (0–500 ppm), Na (0–1300 
ppm), and Zn (40–400 ppm). The content of F, REE, and HFSE show values close to the detection limit 
or below it (Table 4). Despite the low REE content, diopside and hedenbergite crystals clearly show 
different REE patterns, with the hedenbergite crystals relatively enriched in the LREE. Pyroxene is 
occasionally associated with small, interstitial amphibole (Figure 10A). 

Table 4. Electron microprobe and LA‐ICP‐MS analyses for pyroxene crystals from BM  

Rock Exoskarn Endoskarn 
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Mineral Cpx1_rim Cpx2_core Cpx2_rim Px27 _rim Px27 _mid Px27_core 
SiO2 51.0 51.8 50.7 53.7 55.1 55.2 
TiO2 0.06 0.00 0.03 0.00 0.00 0.09 
Al2O3 0.28 0.13 0.36 0.22 0.18 0.05 
Cr2O3 Nd nd nd nd nd nd 
FeO 22.9 18.9 23.3 8.18 2.98 2.28 
Mno 0.56 0.48 0.55 0.22 0.07 0.04 
MgO 3.18 6.01 3.58 13.1 16.3 16.9 
CaO 23.1 22.9 23.2 25.0 25.2 25.5 
Na2O 0.10 0.12 0.09 0.11 0.00 0.00 
K2O 0.00 0.00 0.00 0.00 0.01 0.00 

F nd nd nd nd nd nd 
Mg# nd nd nd nd nd nd 
Fe# nd nd nd nd nd nd 

Total 101.2 100.6 101.9 100.7 100.0 100.2 
Trace element (ppm)—LA‐ICP‐MS 

Li 56 89 55 106 34 9.82 
Be 1.54 3.29 1.93 4.30 19 17 
Sc 5.47 5.60 5.47 5.38 5.44 5.77 
V 17 27 16 18 16 10 
Cr 9.25 7.70 6.80 2.57 1.40 3.06 
Mn 4740 5113 4831 1532 612 468 
Co 21 12.1 20 11 2.34 1.89 
Ni 5.70 5.33 3.30 24 1.71 0.36 
Cu bdl 0.21 bdl 0.27 0.44 0.26 
Zn 410 397 421 116 44 35 
Ga 6.23 5.69 7.13 4.15 4.68 2.67 
Rb bdl bdl bdl 1.80 1.03 0.09 
Sr 22 20 25 15 12 11 
Y 0.78 0.51 0.84 1.60 8.95 6.10 
Zr 5.89 2.35 8.38 4.14 11 3.37 
Nb 0.00 bdl 0.01 0.01 0.31 0.01 
Sn 6.19 5.38 8.73 6.32 7.81 2.11 
Sb 0.05 0.05 0.07 0.37 0.18 0.04 
Cs bdl 0.03 bdl 3.94 1.41 0.05 
Ba 0.03 0.02 0.02 1.57 0.78 0.02 
La 1.26 0.34 1.31 0.96 2.72 1.84 
Ce 2.54 1.03 2.59 2.52 8.44 5.86 
Pr 0.29 0.15 0.27 0.34 1.31 0.90 
Nd 1.15 0.60 1.08 1.71 6.26 4.49 
Sm 0.29 0.14 0.25 0.50 2.10 1.51 
Eu 0.02 0.02 0.02 0.03 0.08 0.06 
Gd 0.16 0.08 0.14 0.43 2.03 1.44 
Tb 0.03 0.02 0.02 0.06 0.30 0.22 
Dy 0.13 0.08 0.12 0.34 1.72 1.28 
Ho 0.03 0.02 0.02 0.06 0.32 0.23 
Er 0.11 0.08 0.09 0.17 0.80 0.56 
Tm 0.03 0.03 0.03 0.03 0.11 0.08 
Yb 0.46 0.45 0.39 0.30 0.84 0.51 
Lu 0.10 0.13 0.09 0.06 0.12 0.06 
Hf 0.31 0.22 0.42 0.25 0.28 0.12 
Ta bdl 0.00 0.00 0.00 0.34 0.01 
Pb 0.21 0.14 0.18 0.40 0.76 0.10 
Bi 0.01 0.01 0.01 0.05 0.05 0.01 
Th 0.02 0.01 0.01 0.13 0.08 0.01 
U 0.01 0.02 0.02 0.09 0.06 0.01 

Note: nd = not detected; bdl = below detection limit of 0.01 ppm.  
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Figure 10. (A) Chondrite‐normalized REE patterns for metasomatic clinopyroxene. Despite the low 
value of REE for both groups, hedenbergite from Vesuvianite‐rich exoskarn shows different 
fractionations of both LREE and HREE, as evidenced by the (B) Gd/Yb vs La/Sm diagram. Chondrite 
normalization values are taken from [25]. 

The chemistry of and chemical variations in vesuvianite crystals from the exoskarn samples have 
been examined by electron microprobe analysis. For 24 analyses, the mean Si content is 18.05 a.p.f.u., 
indicating that only Si occurs in the Z‐group sites. The mean Ca + Na + La + Pb + Th content is 18.3 
a.p.f.u., that indicate possible substitutions in the X site (usually 19). The mean Al + Mg + Fe + Ti + 
Mn + Cu + Zn content is 12.99 a.p.f.u., indicating that only these cations occupy the Y group site. 

It is possible to distinguish between three distinctly different vesuvianite groups. Vesuvianite 
from diopside + titanite + phlogopite ± vesuvianite shows homogeneous crystals with typical 
compositions [27]. Vesuvianite from the vesuviante + epidote exoskarn shows two geochemically 
distinct groups of REE‐enriched crystals, mostly distinguishable by their contrasting Eu anomaly. 
Finally, vesuvianite from the vesuvianite+garnet exoskarn shows scattered values without a clear 
trend (Figure 11A–E). REE‐rich vesuvianite is observed indistinctly in all the exoskarn lithologies. 
The impurities detected by LA‐ICP‐MS are Zn (100–200 ppm), Li‐Be (100–2000 ppm), and Zr (30–400 
ppm), as well as Bi, Sn, and Sb with values of ca. 50 ppm. Vesuvianite crystals from the diopside + 
epidote + vesuvianite + quartz + calcite exoskarn show the highest values of REE accompanied by the 
highest value of Th (up to 2500 ppm) and U (up to 3900 ppm), replacing Ca in the X site (Figure 10). 
These elements also appear in high concentrations in vesuvianite crystals from the other 
environments (Th = 0.5–5000 ppm; U = 1.5–580 ppm). Vesuvianite from the vesuvianite‐garnet‐rich 
exoskarn shows a prominent growth zoning with significant variability in the U, Th, and REE content. 
Some crystals show maximum values for these elements in the inner rim, compared with the outer 
rim and the core, and a positive correlation between U and REE. Other crystals show an increase in 
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U and Th from the rim to the core with a negative correlation for the REE content. Moreover, all the 
analyzed vesuvianite contains notable amounts of F (0.68–0.88 wt %), probably replacing OH− or O. 

The vesuvianite chondrite‐normalized REE patterns (Figure 11F) highlight almost two distinctly 
different profiles, both enriched in LREE and depleted in HREE. The patterns obtained from 
vesuvianite crystals sampled from diopside‐bearing exoskarn show a constant slope from enriched 
LREE to depleted HREE, with a strong negative Eu anomaly (Eu/Eu* = 0.31–0.44). These crystals show 
higher values of Nd in contrast to a low La/Y ratio. The other crystals, separated from 
vesuvianite+garnet‐rich exoskarn, show profiles characterized by a marked LREE slope, strong 
depletion in the middle REE, and a flat HREE pattern, with a prominently positive Eu anomaly 
(Eu/Eu* = 1.9–8.3) and decreasing Nd values with an increasing La/Y ratio. REE patterns show a weak 
negative Eu anomaly for vesuvianite enriched in REE but strong positive Eu anomalies for 
vesuvianite crystals with a lower REE content (Table 5). 

 
Figure 11. Diagrams showing the mineral chemistry of metasomatic vesuvianite from different 
exoskarn typologies. Diagrams from (A) to (E) show the correlation between REE, U, Ti, Mg, Ca, Na, 
and Al. In (F) Chondrite‐normalized REE pattern for vesuvianite from different exoskarn typologies. 
It is possible to observe two different REE profiles (see text for discussion). For comparison, whole‐
rock (WR) data from reference [1] and metasomatic garnet from reference [28]. Normalizing chondrite 
values are taken from reference [25]. 

Garnet‐pyroxene exoskarn bodies are predominant at the pluton–host contact [1]. More than one 
generation of garnet has been identified in an area 1 mm square, indicating the extremely dynamic 
nature of the metasomatic system. Commonly, garnet is red to brownish, anisotropic, and exhibits 
low birefringence. Oscillatory zoned garnet shows a morphological transition from simple 
dodecahedral growth in the core, to a composite dodecahedral trapezohedron growth near its 
margin. Anisotropy is not always homogeneous or sectorial and chaotic birefringence, development 
of lamellae, and irregular boundaries between sectors have been also observed. SEM‐EDS analysis 
on garnet from the Campiglia exoskarns indicate a solid solution between grossular and andradite. 
The compositions range from Adr30Grs70 to almost pure grossular Adr1Grs99, with spessartine, 
pyrope, almandine, uvarovite, etc. collectively lower than 10%. Rare Adr70Grs30 to almost pure 
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andradites also occur (Supplementary Table S1). Slight variations are observed between (i) garnet 
from the pyroxene‐garnet exoskarn, showing pyralspite up to 12%, grossular up to 90%, and 
andradite between 0–15%, (ii) zoned garnet, showing pyralspite between 0–7% with a mainly 
grossular content, and (iii) garnet from the diopside + titanite + calcite + quartz ± episode ± vesuvianite 
exoskarn, showing a pyralspite content lower than 10%. Garnet with oscillatory zoning usually shows 
Al‐rich cores and Fe‐rich rims, but homogeneous garnet and garnet with Fe‐rich cores and Al‐rich 
rims can also be found [29–31]. 

Epidote group minerals are common in the endoskarn and exoskarn, as well as frequently 
observed in the metasomatized granite [1]. This phase is characterized by multiple generations 
showing significant chemical variability. Figure 12 displays two different types of epidote group 
minerals. The first, collected from a diopside‐bearing exoskarn, shows values of REE <0.2 a.p.f.u. and 
Fe3+ > 0.8, which allows the mineral to be classified as epidote (Al3+ > Fe3+). The other, consisting of 
crystals from a metasomatized granite and vesuvianite‐bearing exoskarn, generally shows values of 
REE > 0.5 a.p.f.u. and Fe3+ < 0.5 a.p.f.u., placing the mineral in the allanite subgroup (Table 5). In this 
context, the diopside‐bearing exoskarn shows both epidote and allanite, with an evident increase in 
REE moving from the core to the rim of the crystals. On the other hand, allanite‐(La,Ce) from the 
granite and the vesuvianite‐bearing exoskarn is more homogeneous, showing only a slight 
enrichment in REE and Fe moving from the core to the rim, notably in samples from the granite body. 
The overall result is an increase in the REE concentration with a decreasing Ca concentration, marking 
the transition from epidote to allanite. The average composition of epidote shows an occasional 
enrichment in Sr (800–1000 ppm), Sn (1700–3000 ppm), and Sb (up to 450 ppm) for samples from the 
diopside + phlogopite + titanite + calcite ± vesuvianite ± epidote exoskarn. At the same time this 
epidote shows a low Th/U ratio (<0.5), due to extremely low values of Th (0.4–5 ppm). In contrast, the 
average composition of allanite from the metasomatized granite and from the endoskarn shows a 
higher Th/U ratio, with commonly higher values of Th (50–1930 ppm) than U (40–200 ppm). This 
group shows also the highest value of REE (12–26 wt %). REE show a positive correlation with the 
Th/U ratio and F values. Allanite shows the highest values of F (up to 0.4 wt %). Allanite epidote 
crystals have strongly fractionated REE profiles, with a spoon‐shaped HREE profile and a negative 
Eu anomaly. On the other side, allanite from Di‐Grt‐Vs bearing exoskarn is characterized by a less‐
fractionated pattern (Figure 12F,G). 



Minerals 2019, 9, 682 19 of 31 

 
Figure 12. Mineral chemistry of metasomatic epidote group minerals from the granite and the 
exoskarn bodies. Color of dots and lines refer to same samples (see Figure 8F). (A) Diagram showing 
the possible element substitution mechanisms in the epidote group minerals, along with the 
classification scheme of [32] based on the Fe3+/(Fe3+ + Fe2+) ratio. (B) Ca vs. Fe3+/(Fe3+ + Fe2+) diagram, 
with allanite showing the lowest Fe3+/(Fe3+ + Fe2+) ratios. For comparison, data for epidote group 
minerals from the Corupá pluton [33] and Strange Lake granite [11] are also shown. (C–E) Mineral 
chemistry of metasomatic epidote and allanite showing a correlation between REE, the Th/U ratio, 
and the F content. (F) Chondrite‐normalized REE pattern for allanite from phlogopite‐titanite granite, 
endoskarn, and exoskarn bodies. (G) On the right a detailed chondrite‐normalized REE pattern for 
allanite from each lithology are reported. For comparison, whole‐rock (WR) data from reference [1]. 
Chondrite normalization values are taken from reference [25]. 

Table 5. Electron microprobe and LA‐ICP‐MS analyses for vesuvianite and epidote‐group crystals 
from the BM mine. 

Rock  Di Exoskarn 
(GBM46) 

Grt‐Vs Exoskarn (STAB1) Vs Exoskarn (GBM45) 

Mineral Vs7_core Vs7_rim Vs1.1 Vs1.2 Vs 2.1 Vs 2.1 Ep1 
Ep4_
core 

Ep4_r
im 

All3.5_
core 

All3.5_
mid 

All3.5_
rim 

SiO2 36.2 36.0 37.0 36.9 36.2 35.8 36.6 38.0 37.5 34.0 33.5 33.6 
TiO2 1.49 2.06 0.29 1.85 1.64 1.44 0.01 0.00 0.29 0.28 0.36 0.21 
Al2O3 15.2 14.9 16.9 15.1 15.1 14.9 19.6 19.6 19.6 20.7 20.0 18.4 
FeO 6.34 6.22 5.34 6.82 7.04 6.73 15.5 16.3 16.4 8.24 8.88 8.86 
MnO 0.43 0.11 0.07 0.09 0.10 0.19 0.29 0.10 0.08 0.10 0.12 0.07 
MgO 0.99 0.91 1.33 1.03 0.72 1.11 0.00 0.00 0.00 1.21 1.25 2.11 
CaO 33.6 33.8 35.3 34.2 32.4 33.0 19.5 22.7 21.3 13.2 12.6 11.1 
Na2O 0.04 0.06 0.03 0.06 0.09 0.06 0.00 0.00 0.00 0.00 0.00 0.00 
Nb2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.12 0.08 0.01 0.67 0.60 0.60 
La2O3 0.57 0.47 0.06 0.60 0.59 0.59 4.05 0.25 2.25 7.95 8.34 10.6 
Ce2O3 1.01 0.86 0.16 0.79 1.52 1.43 2.04 0.17 1.28 10.4 11.4 12.1 
Sm2O3 0.12 0.02 0.00 0.05 0.14 0.00 0.00 0.00 0.06 0.05 0.03 0.05 
Nd2O3 0.32 0.28 0.17 0.10 0.68 0.36 0.06 0.00 0.13 1.73 1.88 1.79 

F 0.72 0.84 0.88 0.73 0.73 0.73 0.03 0.00 0.00 0.13 0.19 0.35 
Total 97.4 96.6 97.5 98.3 97.0 96.4 97.7 97.3 98.8 98.5 99.0 99.4 
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Trace element (ppm)—LA‐ICP‐MS 
Li 272 194 114 157 206 171 4.0 4.2 7.4 244 125 254 
Be 147 173 82 57 275 162 0.40 0.40 2.80 0.20 0.40 0.20 
Sc 3.31 3.6 6.8 5.6 4.7 3.7 5.6 5.2 7.1 6.5 6.2 6.2 
V 95 84 11.6 140 73 14.1 12.0 81 13.0 120 98 106 
Cr 35 29.3 29.4 17.6 2.08 3.5 bdl 6.2 3.20 6.6 3.6 4.9 
Mn 998 1106 1080 1066 1144 1092 1455 1322 19200 914 837 921 
Co 5.1 5.1 2.64 4.3 5.4 3.29 bdl bdl 5.4 2.20 2.30 2.40 
Ni 10.9 0.64 0.86 0.75 6.67 1.03 2.10 0.80 5.0 bdl Bdl bdl 
Cu 0.54 0.52 bdl 0.58 0.31 bdl bdl bdl 2.90 bdl Bdl bdl 
Zn 135 142 98 118 117 109 26 34 99 78 65 77 
Ga 85 99 50 77 115 49 117 85 10 683 683 642 
Rb bdl 2.26 bdl 0.07 0.13 bdl bdl bdl 1.80 bdl 0.20 1.10 
Sr 45 56 55 53 49 55 1051 1098 152 221 210 197 
Y 587 769 26.61 170 1474 59 250 211 16 168 123 150 
Zr 13.1 28.5 344 120 38 24.8 12.0 26.0 2.40 2.40 2.90 3.20 
Nb 0.70 2.07 9.37 3.62 1.88 1.34 0.06 0.03 0.01 0.02 0.02 0.03 
Sn 42 71 45 79 42 37 1753 1900 190 22.0 85 24.0 
Sb 69 71 49 61 61 58 453 28.0 10.0 bdl Bdl bdl 
Cs bdl 2.09 bdl bdl 0.01 bdl 0.04 bdl 1.12 bdl 0.07 0.54 
Ba 0.00 0.24 0.00 0.02 0.03 bdl 1.30 0.47 3.9 0.13 0.20 1.30 
La 3268 5480 1364 5400 5720 1038 56600 47400 2270 100300 71900 92900 
Ce 6120 9830 1523 6340 12310 1308 30300 19700 1370 105800 88300 97100 
Pr 625 995 92 393 1296 99 1248 753 53 6677 6000 6030 
Nd 2435 3780 197 1003 4770 301 2140 1430 81 15690 14590 14090 
Sm 443 577 17.4 103 754 47 162 133 8.8 1092 1063 977 
Eu 44 66 9.3 53 96 10.8 12.9 17.7 1.39 23.4 24.1 20.9 
Gd 306 365 9.7 65 495 30.2 146 136 10.0 557 488 508 
Tb 34 40 0.98 6.6 61 3.33 11.9 13.1 0.72 30.4 26.2 27.8 
Dy 157 188 4.7 32.6 318 14.8 50 53 3.00 76 61 67 
Ho 24.2 29.1 0.8 5.8 54 2.1 9.2 8.1 0.50 7.9 6.0 7.1 
Er 55 67 2.2 18.2 140 4.8 25.0 17.0 1.20 14.0 10.0 13.0 
Tm 6.0 7.5 0.3 3.5 16.8 0.51 4.2 2.00 0.24 1.20 0.91 1.10 
Yb 31.6 40 2.4 35 89 2.8 31.0 11.0 3.00 6.9 5.2 6.0 
Lu 3.03 3.6 0.34 6.0 7.4 0.28 4.6 1.50 0.60 0.85 0.65 0.74 
Hf 0.50 1.04 4.3 2.71 1.49 0.53 0.39 1.50 0.22 0.25 0.29 0.30 
Ta 0.04 0.16 1.18 0.63 0.37 0.30 0.03 0.01 0.03 0.01 0.02 0.01 
Pb 2.10 1.98 0.70 1.04 0.96 0.86 1.70 0.49 4.10 0.41 0.25 1.10 
Bi 49 47 30.7 63 44 37 17.0 1.70 0.38 0.05 0.09 0.07 
Th 2521 94 1.9 48 12.8 35 0.64 2.70 0.41 585 53 393 
U 2016 2442 16.6 203 4119 156 66 129 11.0 194 55 182 

Note: For LA‐ICP‐MS data bdl = below detection limit of 0.01 ppm equal to µg·g−1. 

4.2.5. HFSE‐REE–Rich Minerals 

At Campiglia, it is possible to recognize several REE‐HFSE–rich accessory minerals. First of all, 
both magmatic and metasomatic zircon and apatite (Figures 3–5) were observed. Zircon grains from 
the cordierite‐biotite granite are commonly colorless and range from 50 to 250 µm in diameter. 
Cathodoluminescence images show euhedral zircons, with typical oscillatory zoning and rare 
inherited cores. Metasomatic zircons resulted from the late metasomatism of calc‐silicates, usually 
titanite (Figure 3H). Zircon grains from metasomatic rocks are usually <30 µm in diameter, euhedral 
to subhedral, and homogeneous with minor oscillatory zoning and rare inclusions. They are usually 
found with other accessory minerals, such as fluorapatite, monazite, uraninite, and thorite (Figure 
3H). On the other hand, metasomatic fluorapatite from the phlogopite‐titanite granite is linked to the 
metasomatized biotite. Indeed, fluorapatite, from the granitic rocks is commonly included in biotite 
as crystals of <500 µm, (which is an uncommon size for magmatic fluorapatite) and grows along the 
biotite rim or along biotite cleavage planes. Smaller fluorapatite grains are included in the biotite 
(Figure 3G). Metasomatic fluorapatite is commonly euhedral to subhedral (<100s µm in length) and 
is associated with newly crystallized calc‐silicates. The fluorapatite shows variable textures, such as 
complex zoning patterns, and homogeneous and oscillatory zoned grains. They are usually included 
in the phlogopite or fill cavities as aggregates with calcite, titanite, and diopside (Figure 5). 
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To a lesser extent, secondary crystals of monazite occasionally occur as a trail of zircon‐monazite 
aggregates (<15 µm) in metasomatic K‐feldspar crystals [1]. Moreover, at the granite–host contact, the 
abundant fluorapatite is accompanied by the crystallization of HFSE‐REE–rich calc‐silicates, such as 
cheralite (CaTh(PO4)2). This mineral is commonly replaced by secondary thorite‐quartz 
pseudomorphs or thorite‐apatite‐zircon aggregates (Figure 3F). 

4.2.6. Fluorite 

Fluorite grains show variable size and colors and are observed as widespread, euhedral or 
interstitial, secondary grains in the metasomatized granite (frequently associated with sulfides), in 
the metasomatic bodies (exo‐ and endoskarn), and forming late quartz‐fluorite and chlorite‐sulfide‐
fluorite veins. In the metasomatized granite, fluorite commonly occurs along biotite cleavage planes, 
triggering an intense replacement by chlorite. Here, the fluorite grains are commonly associated with 
other metasomatic minerals, such as sulfides, usually growing along fractures. The alteration of 
accessory minerals into fluorite could produce structural deformation, resulting in violet to blackish 
fluorite crystals. Finally, fluorite‐pyroxene pseudomorphs (±quartz and calcite) replace a former 
metasomatic pyroxene‐quartz‐calcite association (Supplementary Table S1). 

Colorless and white crystals were collected from late hydrothermal quartz‐fluorite‐sulfide‐
calcite veinlets, crosscutting the granite. Pink, violet, and dark violet crystals were collected from 
hydrothermal centimetric veins usually related to sulfides and accessory minerals (e.g., uraninite, 
cheralite, thorite). Finally, greenish crystals were collected from late hydrothermal veins in the 
endoskarn bodies. In the hydrothermal vein it is also possible to observe fluorite crystals 
characterized by a pink core, through to a green zone to a whitish rim. The analyzed fluorites do not 
show significant impurities, except for Sr (up to 150 ppm). On the other hand, the REE‐profiles show 
two principal groups of fluorite (Figure 13). The green color group is rich in REE, with the LREE and 
HREE fractionated with respect to the middle REE. In contrast, the violet to colorless fluorites show 
a lower REE content and a flatter pattern, with an unusually positive Y anomaly. Dark violet or black 
fluorite is interpreted as violet fluorite damaged by radiation that was caused by U‐bearing minerals 
included in some of the vein‐type deposits. Thus, the color of the fluorite appears to reflect the 
REE(+Y) content, which is mainly control by the minerals associated with the fluorite. 

 
Figure 13. (A) Sm vs. Gd/Yb diagram showing an overall positive correlation, with higher values in 
the green crystals. (B) Chondrite normalized REE pattern for fluorite from the Campiglia system. 
Monte Valerio and Giglio Island fluorite are analyzed for comparison. Colors of symbols and lines 
correspond to fluorite crystal colors. Chondrite normalization values are taken from reference [25]. 

4.2.7. Sulfides 

Multiple generations of sulfides are widespread throughout the system [1,18]. The main sulfides 
are pyrrhotite (FeS), pyrite (FeS2), sphalerite (ZnS), chalcopyrite (CuFeS2), and minor galena (PbS). 
Single‐ and poly‐phase sulphide grains occur (i) as isolated interstitial grains at the contact between 
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magmatic minerals, (ii) in veins crosscutting mineral assemblages or along cleavage planes and 
fractures of fresh igneous minerals, and more rarely (iii) as inclusions near the margins of these same 
minerals. Individual grains are typically subhedral and vary from µm to cm in size and they are 
accompanied by crystallization of quartz, fluorite, as well as HFSE‐REE and Th‐U accessory minerals. 
Iron sulfides, chalcopyrite, and minor Zn‐Pb sulfides occurred as fracture and cavity infill. Numerous 
sulfides‐quartz‐calcite bearing veins (from a few millimeters to decimeters in width) are irregularly 
developed within the granitic rock, following the granite joints. Pyrrhotite‐pyrite‐sphalerite 
aggregates are widespread throughout the endoskarn and exoskarn system, filling open‐spaces, 
forming veins, as isolated crystals, and showing multiple processes of intergrowth and mutual 
replacement. Late, low‐temperature veins systems follow the granite body fracturation [1,16]. They 
are characterized by an abundance of chlorite, pyrite‐sphalerite, calcite, quartz, violet fluorite, 
uraninite, and thorite. 

5. Discussion—Element Transfer Mechanisms During Metasomatic Processes 

Emplacement of igneous intrusions into cold carbonatic rocks will result in both loss of heat to 
the surrounding environment and transport of volatile components, which are a trigger for 
metasomatic processes [2]. Metasomatism involves major gain or loss of components, with element 
exchange between fluids and adjacent rocks along significant temperature and compositional 
gradients [2,3]. This generates new minerals replacing old ones and changes the bulk composition of 
the rock [6]. The BM peraluminous granite was affected by multiple metasomatic processes triggering 
significant element mass transfer. At the granite‐marble contact, the interactions between 
metasomatic fluids, granite, and host carbonate resulted in significant replacement of the primary 
minerals by calc‐silicates, oxides, HFSE‐REE, and Th‐U minerals, as well as the multiple generation 
of sulfides [1,34] highlights that chemical zoning in metasomatic minerals, especially oscillatory 
zoning, is a common phenomenon interpreted as a primary growth texture. It expresses an 
interaction between the mineral surface and its environment. Indeed, during mineral growth, fluids 
when in contact with the mineral surface can promote some reactions, inhibit others, and generate a 
chemical potential gradient at the mineral surface [4,6]. A growing mineral may be surrounded by a 
thin layer depleted in those elements with the distribution coefficients favoring the solid phase, or by 
elements that are more rapidly taken up at the mineral surface [35]. However, if the mineral growth 
rate is constant and low, the chemical variations mostly depend on the fluid composition. These 
changes are indirectly responsible for changes in the growth rate. Thus, it is difficult to isolate a single 
event in an open system [35], like Campiglia. 

5.1. Potassic‐Calcic Metasomatism 

After the emplacement, alkali‐rich fluids strongly metasomatized the whole granite body [4]. 
The metasomatism of igneous minerals (biotite, plagioclase, and K‐feldspar) produced distinct 
chemical exchanges (Figure 2). The content of some elements (Ti, Al, Si) remained unaffected after 
exchange reactions forming new phases, whereas other were added (K, Mg, Ca, Rb, Ba, Sr), and other 
(Fe, Mg, Na) where scavenged from the granite. Plagioclase was replaced by K‐feldspar, as a result 
of alkali ion exchange between a potassic fluid and feldspars (Figure 2). Metasomatic addition of Mg 
to biotite led to its replacement by phlogopite and chlorite. The concurrent loss of Ti, Fe, and Al 
contributed to the crystallization of new rutile and Al‐rich titanite. The composition of the 
phyllosilicates (Figures 5 and 6; Table 1) yields important information on the metasomatism of the 
primary minerals, such as K‐feldspar and biotite, and the mobility of Fe, K, Al, Mg, Ti, Ca, and Si. 
This, in turn, provided constraints on the geochemical conditions prevailing during fluid‐rock 
interaction in the granite. These data highlight that the exchange reactions occurred during the 
metasomatic replacement of biotite by phlogopite and chlorite, which involved TiMgFe−2, (OH)F−1, 
KNa−1 exchange vectors. Moreover, SEM‐EDS analysis occasionally show Fe‐enriched biotite crystals 
(FeO = 35–40 wt %), that commonly has been interpreted to result from a K‐Na exchange reaction 
during the process of alkali metasomatism [3]. Titanite and rutile have significant enrichment in Nb, 
Zr, and Al, as well as similar Nb/Ta ratios (Figures 8 and 9), allowing for a common origin to be 
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inferred, as highlighted by petrographic evidence of mutual replacement (Figure 4). The 
compositional variations in titanite during this stage could be ascribed to an exchange reaction 
involving the AlFTi−1O−1 vector [36]. 

Concurrently, Ca activity is prominent along granite joints (endoskarn), at the pluton–host 
contact, and in the carbonate host (at the contact and along folded layers). In the area adjacent to the 
monzogranite–host contact, fluids are likely released from the host carbonate. On the other hand, 
endoskarn bodies within the granite and far from the contact with the carbonate, are affected by 
metasomatism from Ca‐rich fluids possibly released by a deeper, not exposed mafic source. Reactions 
involving the addition of Ca and Mg, together with the exchange of Fe, Ti, Si, Al, and trace elements 
indicate metasomatism of the original rocks and the crystallization of new calc‐silicates, 
aluminosilicates, and REE‐HFSE phases (Figures 2 and 3). Granite minerals are replaced by a 
diopside + titanite + phlogopite + epidote ± apatite ± zircon assemblage, while the carbonate country 
rock, originally consisting of calcite and minor dolomite and phyllosilicates, resulted in the 
crystallization of diopside + (hydrogrossular)garnet + vesuvianite + epidote + allanite + titanite + 
phlogopite ± scapolite ± apatite ± zircon ± cheralite. These processes highlight the exchange of major 
and trace elements between fluids, metasomatized granite, and host carbonate. Moreover, the 
distribution and density of the new minerals reflect the local composition of the host carbonate. For 
example, phlogopite crystallization is prominent along folds in the marble, characterized by a greater 
abundance of marl impurities (Mg‐rich phyllosilicates). 

This initial stage is also characterized by the partial metasomatism of accessory minerals, 
strongly included in biotite as usually observed in igneous rocks. Thus, accessory minerals control 
the total amount of REE and most of HFSE. Magmatic fluorapatite and monazite are mostly 
metasomatized, generating mobilization of P, REE, and Th and other trace elements (Figures 2 and 
3F–G). The exchange reactions with Ca‐rich fluids provoked the crystallization of secondary 
fluorapatite in the metasomatized granite, and the secondary crystallization of trails of zircon‐
monazite aggregates (<15 µm) in the metasomatic K‐feldspar crystals [1]. At the granite‐marble 
contact, the increasing activity of Ca‐rich fluids resulted in the abundant crystallization of 
fluorapatite, as well as HFSE/REE rich calc‐silicates, such as cheralite (Figure 3F). At the same time, 
zoning patterns in the newly formed calc‐silicates show increasing Th, U, HFSE, and REE toward the 
rims, which support the continuation of exchange reactions between the rocks and metasomatic 
fluids in time. 

5.2. Acidic Metasomatism—Declining Ca‐Activity and Increasing F‐Activity 

The increase in F‐activity combined with the continuous crystallization of calc‐silicates (Ca 
sequestration) enhance the acidity of the fluids responsible for the metasomatism of both HFSE/REE 
magmatic minerals and metasomatic calc‐silicates, resulting in the mobilization of REE/HFSE [1]. 
Textural evidence indicate that F addition occurred during a late metasomatic stage. This is indicated 
by fluorite‐rich late pseudomorphs after calc‐silicate minerals, late fluorite crystals in tight spatial 
relation with intra‐crystalline chlorite layers in phlogopite, F enrichment toward the rims in 
metasomatic vesuvianite, and late fluorite‐rich veins (Figure 3) [1]. 

Acidic metasomatism coupled with HFSE/REE redistribution [1] is manifested by the following 
textures: (i) titanite, epidote, allanite, vesuvianite, and garnet with reaction and growth zoning 
characterized by the common increase, from core to rim, of HFSE (i.e., Nb, Ta, Zr), LREE, Th, and U, 
as well as Zn, Sn, and Sb (Figure 10); (ii) epidote progressively replaced by Ce‐La‐rich allanite, 
suggesting REE vs. Al and Ca vs. an Fe exchange reaction (Figure 12); (iii) dissolution/replacement 
reactions of pre‐existing calc‐silicates by secondary fluorapatite, zircon, thorite, and uraninite, 
usually mantling or in close spatial relation with the host calc‐silicate (Figure 3); and (iv) the 
pseudomorphic replacement of cheralite by thorite‐quartz aggregates, and diopside‐quartz‐calcite by 
clinopyroxene‐fluorite‐quartz‐calcite aggregates (Figure 3). The calc‐silicates crystallized during this 
late‐stage show a positive correlation between F, structure‐forming elements, REE content, and Th/U 
ratio (Figures 8D, 11, and 12E), supporting the ability of F‐rich fluids to enhance the exchange of these 
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components. Moreover, the widespread crystallization of fluorite indicates the importance of the F 
activity during the whole metasomatic process(es) (Figure 13). 

5.3. Footprints of Fluid‐Rock Element Transfer in Mineral Zoning 

LA‐ICP‐MS and electron microprobe data of representative rock‐forming minerals from 
Campiglia allow for the identification of physico‐chemical variations of the hydrothermal fluids 
activating the metasomatic processes. Changes in mineral composition or element ratios reflect the 
crystallization/dissolution/replacement of different phases. For example, variations in the REE 
patterns observed in several minerals can be interpreted as reflecting progressive processes of 
metasomatism and crystallization from the fluid with a variable LREE/HREE ratio or a concurrent 
growth of minerals characterized by specific REE partition coefficients. Insights into the evolution of 
the metasomatic fluid composition can be gained by comparing mineral compositions and zoning in 
a relative chronology framework, although discriminating between phases crystallized during the K‐
Ca stage or later, under more acidic conditions, can be challenging. 

5.3.1. Links Between Concurrently Growing Minerals During Metasomatism 

Most of the metasomatic minerals show enrichment in Al, Sr, Ba, LREE, HFSE, Zr, Th, U, and Sn 
during growth. Fluorine shows unusually high concentrations in most of the newly crystallized 
minerals, which define a common positive correlation with the REE content (see Figures 8 and 11, 
and 12). Usually, LREE are more enriched with respect to HREE, according to their relative mobility, 
with the former more mobile at high temperature and the latter more mobile at low temperature [37]. 

Titanite is the most representative metasomatic mineral observed throughout the whole system 
(granite, endoskarn, and exoskarn). Since mineral–fluid partition coefficients for REE in titanite do 
not vary significantly from LREE to HREE [38], the distribution of these elements in the titanite 
reflects their availability in the formation environment. Titanite, as well as rutile and phlogopite, 
show significant abundances in Nb (up to 2.8 wt %) and Ta, indicating that the mobilization of HFSE 
was initiated from the beginning of the K‐Ca metasomatism (Figures 8 and 9). The REE pattern for 
titanite crystals from the granite, the endoskarn, and veins are shown in Figure 8. All the REE‐patterns 
highlight La‐Ce depletion, that is ascribable to the concurrent crystallization of the allanite (Figure 8). 
Titanite from both the slightly altered biotite‐cordierite and phlogopite‐titanite granite show two 
different REE patterns. The group characterized by a granite‐like pattern could have formed during 
the early stages of metasomatism, while the group characterized by an overall higher REE content 
and strong depletion in HREE, likely crystallized later, under more acidic conditions linked to a 
higher REE availability and competed with concurrently crystallizing metasomatic zircon. Euhedral 
titanite crystals from veins and endoskarn bodies show granite‐like patterns, which are characterized 
by a moderately fractionated profile with an Eu negative anomaly. This suggests that they 
crystallized in the absence of competing zircon, which is supported by the lack of zircons in the veins 
(Figure 8). 

Generally, allanite‐epidotes show strongly fractionated REE profiles, with a spoon‐shaped 
HREE profile and a negative Eu anomaly pointing out competition with zircon. Nevertheless, allanite 
from the diopside‐garnet‐vesuvianite–bearing exoskarn is characterized by a less‐fractionated 
pattern (Figure 12), lending support to crystallization in conditions of high REE availability yet in 
possible competition with garnet (Figure 12). Thus, the variability in REE‐patterns could be controlled 
by (i) overall co‐crystallization of zircon and (ii) co‐crystallization of garnet limited to the exoskarn. 

REE are commonly a minor constituent in vesuvianite but can reach significant values (here 
show values of LREE up to 2 wt %). There are three possible reactions involving the incorporation of 
REE in vesuvianite. (i) It is possible to exclude the coupled substitutions REE3+ + Mg → Ca + Al and 
Mg + Ti → 2Al, considering that the REE‐rich vesuvianite contains Al [27]. (ii) Another possible 
mechanism involves the substitution of O2− for OH−, however, there are insufficient data on the OH− 
contents of vesuvianite to test the importance of this substitution. (iii) The last process proposed by 
[27] are the coupled substitutions REE3+ + Na → 2Ca and Na + Ti4+ → Ca + Al, which are the most 
likely. 
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Figure 11 shows intriguing chondrite‐normalized REE patterns. Indeed, vesuvianite from the 
diopside‐bearing exoskarn show REE enrichment with constant depletion from LREE to HREE, and 
with a strong negative Eu anomaly (Eu/Eu* = 0.31–0.44). Conversely, vesuvianite from the 
vesuvianite‐garnet exoskarn shows profiles characterized by an overall spoon‐shaped pattern, 
stronger LREE fractionation, and a prominently positive Eu anomaly (Eu/Eu* = 1.9–8.3). These data 
could be explained by the concurrent crystallization of garnet, responsible for the overall REE 
decrease, focused on the middle REE. A role for allanite co‐crystallization could be read in a strong 
decrease in the LREE, with respect to vesuvianite from the exoskarn, and in the concomitant positive 
Eu anomaly. 

Phosphates (mostly fluorapatite) are interpreted to control the mobility of P, REE, and HFSE 
from the beginning of the metasomatism. Indeed, the granite is characterized by significant 
reworking of magmatic monazite and fluorapatite, and the whole system is characterized by newly 
crystallized fluorapatite, while the endoskarn and exoskarn commonly show abundant 
crystallization of fluorapatite and minor cheralite grains. 

Titanite, vesuvianite, and epidote(s) show a general increase in the REE content from core to rim, 
indicating the progressive mobilization/availability of these components (Figures 8 and 11, and 12). 
Titanite shows a negative correlation of the total REE content with U/Th ratio from core to rim, 
whereas the opposite is true for vesuvianite and allanite. These data reflect the differential 
mobilization of U and Th in the different environments (with the latter more easily mobilized), thus 
pointing out that these minerals did crystallize from a hydrothermal fluid with an evolving U/Th 
ratio. Moreover, the growing abundance of Th in the fluids is probably controlled by the exchange of 
Th between the fluid and accessory minerals, either magmatic (monazite, fluorapatite, zircon) or 
newly crystallized, during the K‐Ca metasomatic stage (cheralite). The core‐to‐rim increase of the 
REE content in epidote, and its mantling by allanite, testify to the evolution of the metasomatic fluid 
chemistry, which is characterized by increasing availability of REE. 

The fluorite composition shows two different REE pattern groups (Figure 13). The first is 
characterized by a strong enrichment in the middle REE and depletion in the HREE (green crystals), 
while the second is characterized by a flatter pattern with a slight depletion in the HREE (white‐
violet‐pink and colorless crystals). Thus, a correlation exists between color and the REE pattern. 
Green crystals of fluorite show the highest content of REE with a strong enrichment in the middle 
REE, compared to violet crystals, which show flatter patterns. The green crystals are usually spatially 
related with late quartz‐chlorite‐sulfide veins, indicating late circulation of HFSE and REE. Moreover, 
the anomalously high Y content is common and interpreted to reflect crystallization from enriched 
hydrothermal fluids after extended fluid–rock interaction, as observed in other contexts [39,40]. 
Fluorite occurs also in other environments affected by hydrothermal activity in Tuscany [41]. Green 
fluorite from the nearby Monte Valerio Fe‐Sn(‐W) deposit has a comparable HREE distribution, but 
a strong enrichment and fractionation of LREE, suggesting different competing phases during 
formation of the Campiglia fluorite. Colorless fluorite from the Giglio Island hydrothermal pyrite 
mineralization shows a completely different REE fractionation, indicating a very different fluid 
composition/mineral competitor. On the other hand, fluorite from the Campiano pyrite 
mineralization has patterns more similar to the Monte Valerio fluorite, even if it is at lower 
concentrations. 

In summary, the composition and zoning of metasomatic minerals reflects the complex interplay 
between the evolution of the fluid composition and the co‐crystallizing phases, which implies that all 
the mineral data have to be accounted for in a unique system. 

5.3.2. Links Between REE‐HFSE Mobilization and Fluorine Activity 

The controlling factors for REE mobilization are the formation of aqueous chloride complexes 
(REECl2+, REECl2+), whereas the mobility of Zr mostly depended on the formation of hydroxy‐
fluoride complexes such as ZrF(OH)3 and ZrF2(OH)2 [42–44]. This process is enhanced by low pH 
values, which depends on the initial concentrations of Cl and F, temperature (decreasing T 
correspond to increasing supply of H+), and the rate of fluid–rock exchange reactions. Usually, 
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mineral solubility increases with increasing temperature, though Zr is mostly mobilized at lower 
temperatures [42,43]. Thus, the metasomatic crystallization of REE‐bearing minerals could be 
explained by the scarcity of REE‐transporting ligands, such as chloride, coupled with the abundance 
of fluoride and phosphate, which likely play an important role as depositional ligands [45]. The 
concomitant crystallization of minerals with contrasting LREE/HREE partition coefficients produced 
strong variabilities in the REE‐patterns of the co‐crystallizing minerals. The increasing availability of 
F ions, previously dropped by Al3+ released during K‐Ca metasomatism of plagioclase (AlF2+), is 
possibly promoted by AlF2+ breakdown due to increasing fluid acidity. This process releases F in 
sufficient concentrations to promote Zr solubility as hydroxy‐fluoride complexes at very low pH [37]. 

Light REE mobility at Campiglia was largely controlled by the stability of allanite‐(Ce, La) and 
vesuvianite, for which thermodynamic data are unfortunately scarce. The same uncertainty occurs in 
evaluating HREE mobility, which was likely controlled by zircon, for which HREE partitioning into 
hydrothermal fluids is poorly constrained. Thus, the strong HREE depletion observed in the main 
metasomatic minerals, chiefly titanite and allanite, could be controlled by the solubility of zircon, 
which is enhanced by low temperature and pH, as well as a high F concentration. It is therefore 
suggested that the F‐activity increased in the metasomatic fluids during metasomatism. Indeed, F‐
rich fluids are extremely corrosive and extended interaction with the rocks could lead to 
mobilization/exchange of HFSE, REE, Zr, Th, U, and base metals [42]. The common co‐precipitation 
of fluorite and HFSE‐REE minerals, as well as Th‐U minerals, supports the role of fluoride as 
depositional ligand for these elements. Moreover, the increasing activity of F‐rich fluids is confirmed 
by fluorite‐bearing, fine‐grained pseudomorphs replacing former calc‐silicates (Figure 3E). Another 
supporting evidence is the high content of F in several metasomatic minerals (fluorapatite, 
vesuvianite, phlogopite, allanite, and titanite). Finally, fluorite crystallization is characteristic of the 
metasomatism in general with inclusions and veins filling fractures (Figures 3 and 4). 

Metasomatic transport of Zr at Campiglia is attested to by the scattered occurrence of zircon 
grains in the exoskarn bodies (Figure 3; [1]). Indeed, there are few possible processes could explain 
the origin of these zircons. These include inheritance of detrital zircons from the carbonate host rock, 
fluids transport of magmatic zircon from the intrusion to the metasomatic assemblage, or direct 
precipitation from a metasomatic fluid [46,47]. At Campiglia, there is no evidence of zircon 
inheritance from the host rock (lacking zircon), or transport from the granitic intrusion. In contrast, 
there is evidence that support a direct precipitation from hydrothermal fluids. Indeed, zircon grains 
from the exoskarn bodies are commonly euhedral with a diameter of <40 µm, and a morphology 
typical of flux‐grown zircons formed in hydrothermal environments [48–50]. Most of the zircon 
grains are intergrown with apatite and their abundance increases at the granite‐host transition, where 
the abundance of Ca‐rich fluids could be responsible for the local P precipitation as suggested by [51]. 
The joint occurrence of metasomatic zircon and fluorapatite highlights the mobility of Zr and P 
(commonly not very mobile) in metasomatic fluids in the Campiglia system. 

In conclusion, new metasomatic mineral associations, resulting from continuous exchange 
reactions as well as the addition and loss of components, highlight the mobilization of a great number 
of elements. Even elements considered poorly mobile, such as Ti, Zr, Th, REE, and HFSE, underwent 
at least some local mobilization, indicating transport via acidic fluids. Indeed, the abundance of 
HFSE‐REE and Th‐U minerals, the zoning/replacement of calc‐silicates, and the common occurrence 
of fluorite‐bearing, late pseudomorphs, support the exchange of HFSE, REE, and other components 
between the granite, Ca‐F‐rich fluids, and host carbonates. 

6. Nature and Source of Metasomatic Fluids at Campiglia 

At Campiglia, a whole set of field relationships and geochemical data, despite the lack of stable 
isotope and fluid inclusion studies, allows for a concrete speculation to be made regarding the origin 
of the metasomatic fluids. Multiple sources are likely the best option (Figure 14). The potassic main 
feature of the metasomatic fluids and the peraluminous character of the magma would lead to 
contrasting expectations for the metasomatic products. Indeed, metasomatic processes related to 
peraluminous plutons like BM commonly produce skarn‐related Sn deposits [51]. On the other hand, 
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Ca‐Fe skarns are most commonly related to metaluminous plutons that have the thermal and 
chemical potentials to trigger metasomatic processes leading such skarns, and which usually show a 
clear geochemical mantle signature and relatively little interaction with continental sedimentary 
material [51]. Pyroxene and garnet‐pyroxene skarns typically result from the interaction between 
metasomatic fluids released by a mafic source and a carbonatic host rock [51]. 

At Campiglia, the BM peraluminous pluton is indeed associated with Sn‐Fe(‐W) deposits of the 
nearby Monte Valerio area (Figure 1), which indicates a general exchange/mobilization of Fe, Sn, and 
W between the granite and metasomatic fluids. Nevertheless, the BM exoskarn and the skarn at the 
nearby Temperino mine (Figure 1), despite the differences in the main mineral parageneses (K‐
feldspar, phlogopite, titanite, diopside, vesuvianite, allanite, and grossular at BM [1]; hedenbergite, 
ilvaite, johannsenite for Temperino [18]), both require fluids issuing from mafic magmatic systems. 
Additionally, the potassic nature of metasomatism at BM resembles the K‐rich nature of the mafic 
magma occurring at Temperino. There, the Zn‐Pb skarn predates the Fe‐Cu mineralization and 
formed as a distal skarn at about 1 km above the top of the main BM intrusion [18]. Thus, the 
emplacement of a mafic magma during this first stage is not required, given that deep‐seated 
hydrothermal fluids can move independently from the melt. 

Detailed geo/minero‐chemical data obtained from the Campiglia area support the general gain 
of K, Ca, Fe, Mg, Ba, Rb, and Sr [this work, 1]. Thus, fluids released from an external source must be 
invoked to explain the high Rb, Ba, K, and Mg concentrations, considering that the country rocks 
have low abundances of these elements (see whole‐rock gain/loss diagrams in reference [1]). 
Moreover, assimilation of marble country rocks can account for the high Ca and Sr contents only in 
granite samples very close to the granite‐marble interface. In fact, this assimilation is limited by both 
the amount of heat available and the surface area of the assimilated rocks. Thus, a major input of Ca 
from an external source is suggested by the occurrence of endoskarn bodies also at depth (borehole 
data) [1]. Furthermore, data from boreholes highlight the loss from the granite of Mg, Cr, Ni, Nb, and 
Sr with increasing depth. In this context, noteworthy is the high content of metals in the original 
granite if compared with crustal values (Sn = 7–12 vs. ~2 ppm; W = up to 50 vs. 1.1 ppm; Tl = ~2 vs. 
0.5 ppm; [52]). Thus, during metasomatism, the granite did loose significant amounts of metals, such 
as Cu, Zn, Ni, Mo, Sb, and Tl, though mainly Sn, W, and Zr [11]. 
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Figure 14. Schematic model for the progressive element mobilities reconstructed for the Campiglia 
metasomatic system, showing the main mechanism responsible for the selective mobilization of 
elements, and indicating the possible litho‐geochemical vectors for the metasomatic processes. For 
mineral abbreviations [20], see Table 1. 

In summary, a mafic reservoir is inferred to have been active since the emplacement of the BM 
granite, as supported by comparable U‐Pb high‐precision ages from zircon [14,15]. Thus, it is 
proposed that hydrothermal fluids moving independently from a mafic magma and may have been 
responsible at least part for the metasomatic processes observed in the Campiglia system. 

7. Summary and Conclusions 
The Botro ai Marmi (BM) granitic pluton underwent intense metasomatism during post‐

magmatic fluid‐rock interaction processes (Figure 14). Petrographic and geochemical characteristics 
of the metasomatic products support that the mobility of HFSE, U, Th, and REE started during the 
K‐Ca metasomatic stage and increased during the following acidic stage. Calc‐silicates and accessory 
minerals formed, which show a progressive enrichment in HFSE and LREE. These phases exhibit 
complementary trace element patterns. The contribution of F‐rich fluids enhanced the acidic 
metasomatism of the calc‐silicates, which resulted in the replacement of the major elements (Ti, Ca, 
Fe, Al) with HFSE and REE and the crystallization of new HFSE‐REE minerals. Thus, Ca‐F‐rich fluids 
triggered the mobilization of HFSE, REE, and other trace elements down to low temperatures. The 
close spatial association of strongly altered and least altered calc‐silicates indicates that the REE and 
HFSE were mobile on a local scale (10s of meters). It appears that the REE were removed at some 
localities and re‐precipitated within a few meters. 

In conclusion, the selective mobilization of HFSE‐REE‐U‐Th was related to shifting fluid 
composition, pH, and temperature. This study emphasizes the importance of relating field studies to 
petrographic observations and detailed mineral chemical analysis and shows how such 
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interconnections can lead to the genesis of a litho‐geochemical model for element mobilization in a 
crustal magmatic‐hydrothermal environment. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Table S1. Major (wt %) 
and trace (ppm = µg·g−1) elements composition resulted from selected electron microprobe analyses for minerals 
from the Botro ai Marmi mine. File S1: Detailed description of Materials and Methods [53–56]. 
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