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Abstract:



Fluid–rock interaction experiments between a biotite-rich schist (from Mt. Calamita Formation, Elba Island, Italy) and B-bearing aqueous fluids were carried out at 500–600 °C and 100–130 MPa. The experiments have been carried out in order to reproduce the reaction, which would have produced tourmalinisation of the biotite schist, supposedly by circulation of magmatic fluids issued from leucogranitic dykes. The reacting fluids were either NaCl-free or NaCl-bearing (20 wt %) aqueous solutions, with variable concentration of H3BO3 (0.01–3.2 M). The experimental results show that tourmaline (belonging to the alkali group) crystallise under high-temperature and upper crustal conditions (500–600 °C, 100–130 MPa) when H3BO3 concentration in the system is greater than 1.6 M. The composition of tourmaline is either dravitic (Mg-rich) or schorlitic (Fe-rich), depending if an NaCl-bearing or NaCl-free aqueous solution is used. In the first case, a significant amount of Fe released from biotite dissolution remains in the Cl-rich solution resulting from the experiment. By contrast, when pure water is used, Na/K exchange in feldspars makes Na available for tourmaline crystallisation. The high concentration of Fe in the residual fluid has an important metallogenic implication because it indicates that the interaction between the saline B-rich fluid of magmatic derivation and biotite-rich schists, besides producing tourmalinisation, is capable of mobilising significant amounts of Fe. This process could have produced, in part or totally, the Fe deposits located close to the quartz–tourmaline veins and metasomatic bodies of the Mt. Calamita Formation. Moreover, the super-hot reservoir that likely occurs in the deepest part of the Larderello–Travale geothermal field would also be the site of an extensive reaction between the B-rich fluid and biotite-bearing rocks producing tourmaline. Thus, tourmaline occurrence can be a useful guide during deep drilling toward a super-hot reservoir.
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1. Introduction


Tourmaline is a common accessory mineral in granitoids, mainly in peraluminous leucogranites, in related pegmatites, and in hydrothermal quartz vein and breccia systems that frequently develop around granitoids [1,2,3,4,5,6]. Tourmaline crystallises either as a magmatic mineral, or during the magmatic/hydrothermal transition and as a late post-magmatic hydrothermal mineral. During the crystallisation of peraluminous melts, Fe and Mg are initially incorporated in phases such as biotite and cordierite, whereas B increases in the residual magma [7]. When tourmaline saturation is reached, B-rich residual melts eventually react with earlier Fe-Mg phases, causing tourmaline formation. However, a significant amount of B originally present in magma can be released to wall rocks. The reaction of the B-rich magmatic derived fluid with the wall rocks will lead to the precipitation of tourmaline (or axinite, danburite, etc.) [7].



This process likely occurred in the metamorphic Mt. Calamita Formation (Complex I), in southeastern Elba Island (Italy) (Figure 1), in which metasomatic tourmaline bodies, quartz–tourmaline (showing extensive zonation) veins and tourmaline-bearing leucogranitic dykes are widespread [8].


Figure 1. Schematic geological map of Elba Island (after [9]). Geological units are grouped ad described as five “complexes” following [10]. Natural tourmalines analysed in this manuscript (see Table 2) come from Cala Stagnone (black box).
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In particular, tourmaline deposition in the Mt. Calamita Formation was interpreted as a result of the interaction of B-rich fluids issued from the leucogranitic dykes with biotite-rich layers in the hornfels occurring in the Mt. Calamita Formation [8]. In this study, fluid–rock interaction experiments were performed to verify the metasomatic reaction between B-bearing fluids and the biotite-rich layers of the Mt. Calamita Formation. The experiments were performed by reacting a saline (H2O + NaCl), B-bearing fluid with a typical biotite-rich schist, taking into account the characteristics (i.e., relatively high salinity and high temperature) of the fluid inclusions examined in quartz–tourmaline veins of the Mt. Calamita Formation by [11,12]. The experiments were performed at different H3BO3 concentrations that comprise the H3BO3 concentration found [13] in fluid inclusions trapped in tourmalines of aplite–pegmatite dykes associated with the Mt. Capanne Pluton, western Elba Island.



Tourmalines are also outstanding indicators of the physical and chemical conditions of their host environment ([3,14,15,16] and references therein) and their common zonation [13] may be a record of an evolving fluid system. Thus, in order to ascertain the changes of tourmaline composition due to the presence/absence of NaCl in the reacting fluid, some experiments were also performed using a B-bearing aqueous fluid without NaCl. In addition, analyses of fluids recovered at the end of some experiments were carried out in order to track fluid chemistry after interaction.



The implications of the experimental results on the metallogeny of eastern Elba iron deposits and on the understanding of deep-seated very high-temperature geothermal reservoir imaged by geophysics in Larderello–Travale geothermal field will also be presented. In fact, the B-metasomatic hydrothermal system in the eastern Elba Island system is considered a proxy of the high-temperature system currently active in the deep portion of the Larderello–Travale geothermal field [8,17]. Thus, the investigation on tourmaline formation as a consequence of fluid–rock interactions may contribute to the understanding of processes that likely occur in deep-seated unconventional geothermal reservoirs, which are a major challenge in the future exploitation of geothermal energy.




2. Geological Sketch and Iron Deposits of Southeastern Elba Island


The Mt. Calamita Formation (Complex I in Figure 1), forming a large part of the Calamita peninsula (southeastern Elba Island), consists of medium- and high-grade pelitic–psammitic hornfelses along with minor interlayered amphibolite bodies, overlain by medium-grade contact metamorphic marble (Calanchiole Marble) [8,18,19].



The Mt. Calamita Formation was affected by contact metamorphism related to the emplacement of the Porto Azzurro pluton (5.9–6.2 Ma) [20,21] and the related network of leucogranitic sills and dykes. The pluton, which forms small outcrops north of the Mt. Calamita promontory (Figure 1), is a slightly peraluminous monzogranite belonging to the Tuscan Magmatic Province [22,23].



The contact aureole (6.2 Ma) [20] affecting the Mt. Calamita Formation consists of medium- to high-grade hornfels with biotite + muscovite + andalusite + cordierite + K feldspar + wollastonite mineral assemblages [19,24]. Temperatures attained during contact metamorphism of the Porto Azzurro pluton in eastern Elba range from 300 °C (biotite zone) to 650 °C (andalusite, K feldspar and wollastonite zones), with a maximum pressure of 240 MPa (at 600 °C), or 200 MPa (at 650 °C) [24,25]. Metamorphic grade increases eastward across the Mt. Calamita promontory; the highest-grade hornfelses crop out in the easternmost part, where leucogranitic dykes, tourmaline–quartz veins and metasomatic bodies reach the maximum frequency [8,18,19,26].



The well-known iron deposits of Elba Island are located along the eastern coast of Elba, describing a narrow N–S belt from Mt. Calendonzio (Rio Albano) to the Mt. Calamita promontory [27]. In particular, three deposits occur at the Mt. Calamita promontory: Sassi Neri, Ginevro, and Capo Calamita (Figure 1). The first two deposits consist of massive/disseminated magnetite ore, associated to ferropargasite (±hedenbergite, epidote, ilvaite and actinolite) skarn [27]. On the other hand, the Capo Calamita deposits, characterised by a magnetite + hematite ± Fe-Cu sulphide disseminated/massive ore associated to hedenbergite–ilvaite (±andradite and epidote) skarn are hosted by carbonate formations (Calanchiole Marble [18]).



Different explanations were proposed for the metallogenys of Elba Island iron deposits, concerning in particular the role of the Porto Azzurro monzogranite. Early theories suggested an exclusively epigenetic origin, with a direct derivation of the mineralizing elements and fluids from the Porto Azzurro pluton [28,29]. Later [30] suggested that Fe (and other elements such as Mg, Mn and K) could have been produced as a consequence of the reaction between saline fluids, coming from the rocks hosting the intrusion (i.e., connate or metamorphic waters), and biotite-rich xenoliths embedded in the granite pluton. A syngenetic origin in a volcano-sedimentary environment with a later, syn-magmatic remobilisation was proposed by [31,32,33].




3. Tourmaline Veins and Metasomatic Bodies


The tourmaline–quartz veins and metasomatic bodies are found in the high-grade hornfels of the Mt. Calamita Formation, largely along the eastern part of the Calamita promontory, encompassing an area exceeding 20 km2 [8]. The veins mainly strike N–S to NW–SE; a few strike WNW–ESE [19]. A spectacular outcrop at Cala Stagnone (Figure 1), with a high concentration of quartz–tourmaline veins and bodies and leucogranitic dykes, was examined in detail by [8]. Tourmaline–quartz veins at Cala Stagnone have thicknesses ranging from 0.1 to 25 cm and cut across leucogranitic felsic dykes and metasomatic bodies (Figure 2a,b). The latter were developed at the contact between the dykes and the host hornfels, with preferential metasomatic replacement of biotite-rich layers in the hornfels by black tourmaline and quartz. Tourmaline in metasomatic bodies forms fine-grained (100–500 µm) clusters of subhedral to euhedral crystals with prismatic and acicular habit (Figure 2c). In the veins tourmalines, associated with minor quartz, are prismatic; their aggregates display variable sizes from fine-grained (100–500 µm) to very fine-grained (50–200 µm). Some veins show a coarse-grained cataclastic fabric with angular fragments of host rock and early tourmaline vein infill cemented by very fine-grained tourmaline and minor quartz.


Figure 2. Tourmaline (tur)–quartz (qtz) vein cutting across leucogranitic dykes at mesoscopic (a) and microscopic (b) scale at Cala Stagnone (Elba Island, Italy). Secondary Electrons (SE) image of acicular tourmaline crystals found at Cala Stagnone (c).
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The formation of quartz–tourmaline veins and metasomatic bodies has been ascribed to a hydrothermal system developed in the Mt. Calamita Formation dominated by B-rich and saline fluid related to felsic dykes [8]. Tourmalines in felsic dykes are schorl (-foitite), but in the veins and metasomatic bodies their compositions shift toward more Mg-rich compositions in consequence of progressive interaction of the B-rich fluids with the biotite-rich layers of the Mt. Calamita Formation [8]. Finally, late tourmalines in veins display a more Ca-rich composition (i.e., uvite) presumably because of a fluid reaction with the psammitic hornfels.



Fluid inclusion studies on quartz–tourmaline veins of Mt. Calamita Formation showed that both minerals contain two main types of fluid inclusions [11,12]:

	(1)

	
multi-phase inclusions (liquid + vapour + halite and one or more other solids) characterised by halite final melting temperature between 141 and 415 °C, temperature of bubble disappearance from 192 to 330 °C and a computed salinity range of 29–49 wt % NaCl equivalent;




	(2)

	
two-phase inclusions (liquid + vapour) displaying low eutectic temperature (~−55/−50 °C), final ice melting temperature between −31.1 and −7.1 °C, total homogenisation (either to the liquid or the vapour phase) from 242 to 596 °C, and calculated salinity between 11 and 29 wt % NaCl equivalent.









Trapping pressure–temperature conditions are within 74–160 MPa and 420–650 °C ranges for two-phase inclusions, and within 110–200 MPa and 370–420 °C ranges for multi-phase inclusions [12]. These ranges were estimated considering fluid inclusion isochores, pressure at maximum total homogenisation temperatures, andalusite stability field, and maximum pressure and temperature at the contact metamorphic peak.



Both fluid inclusion types present a composition dominated by Na, Cl, Fe and K, and also contain B, as indicated by LA-ICPMS analysis [12]. However, Refs. [11,12] did not report the occurrence of sassolite in the examined inclusions, suggesting a relatively low B content in such inclusions.



The occurrence of at least two populations of fluid inclusions within both tourmaline and quartz and the rather variable compositions of the veins tourmaline points toward a complex physicochemical evolution of the fluid(s) in the veins [8,11,12]. In particular, Ref. [12] suggest an evolution from higher temperature fluids trapped in two-phase inclusions towards lower temperature fluids recorded by multi-phase inclusions.



A recent study reported data of fluid inclusions trapped in minerals of leucogranitic and aplite–pegmatitic dykes sampled in thermally metamorphosed rocks associated with the Mt. Capanne pluton (western Elba) [13]. In particular, fluid inclusions in tourmaline from aplite–pegmatite dykes contain up to 4.2 wt % H3BO3, in addition to a gas mixture and NaCl, and they were trapped at temperature and pressure ranges of 680–740 °C and 230–270 MPa, respectively. These ranges are higher than those estimated for the trapping of fluid inclusions in quartz–tourmaline veins studied by [12], and somewhat higher than the conditions estimated (575–625 °C, 150–200 MPa) for the contact metamorphism in the Mt. Capanne thermal aureole by [34].



The pressure and temperature of two-phase fluid inclusions trapping estimated by [12] are more consistent with those (100–130 MPa, 425–650 °C) estimated by [35] for the trapping of magmatic and contact metamorphic fluids within inclusions in quartz of granite dykes and high-temperature assemblages (quartz + tourmaline + biotite + Ca-plagioclase) found in deep wells of the Larderello geothermal field. Here, similar to eastern Elba, granitic bodies intruded Paleozoic metamorphic rocks and tourmaline occurs in leucogranitic dykes and in veins crosscutting the metamorphic rocks [17,36].




4. Materials and Methods


4.1. Starting Material


4.1.1. Solids


A representative biotite-rich schist (sample GN1B) from the Mt. Calamita Formation was selected for experiments. It is formed (in order of abundance, based on optical microscopy) of plagioclase (albite and oligoclase), biotite, quartz, chlorite, muscovite, andalusite, cordierite and ilmenite. Only the first three phases are detectable through XRD; by Rietveld refinement the three most abundant phases are estimated at 41, 27, and 25 wt %, respectively. The 60–120 µm granulometric fraction was selected for the experiments. A further starting material was prepared by (passively) enriching biotite crystals by means of Franz isodynamic magnetic separator. This was done with the perspective to favour the expected tourmaline crystallisation since biotite was thought to be the major supplier to the crystallisation of this phase. In this case, the separate (GN1B sep.) was composed mainly of biotite (47 wt %, Rietveld refinement estimation), plagioclase (44 wt %), chlorite (5 wt %) and quartz (4 wt %). EMP analyses revealed that biotite crystals in the starting material have major oxides in the following ranges (Table 1): SiO2= 32.1–33.8 wt %, TiO2 = 2.2–3.7 wt %, Al2O3 = 18.4–20.4 wt %, FeO = 22.5–24.7 wt %, MnO = 0.3–1.3 wt %, MgO = 5.3–6.9 wt %, Na2O = 0.1–0.3 wt %, K2O = 9.3–10.4 wt %. XMg (=Mg/(Fe + Mg)) varies from 0.28 to 0.35.



Table 1. Representative biotite (mica) and plagioclase (plag) analyses (wt %) in the rock selected as starting material, bdl = below detection limit, calc = calculated, Mg# = Mg/(Mg + Fe2+).







	
Sample

	
GN1B

	
GN1B

	
GN1B

	
GN1B

	
GN1B

	
GN1B

	
GN1B

	
GN1B

	
GN1B

	
Sample

	
GN1B

	
GN1B

	
GN1B

	
GN1B






	
Phase

	
biotite

	
biotite

	
biotite

	
biotite

	
biotite

	
biotite

	
biotite

	
biotite

	
biotite

	
Phase

	
plagioclase

	
plagioclase

	
plagioclase

	
plagioclase




	
SiO2

	
33.39

	
32.70

	
33.19

	
32.91

	
33.33

	
33.42

	
32.87

	
33.37

	
32.79

	
SiO2

	
64.73

	
66.82

	
66.90

	
66.43




	
TiO2

	
3.02

	
2.69

	
3.14

	
3.31

	
2.75

	
3.37

	
3.49

	
2.93

	
0.71

	
TiO2

	
0.03

	
0.06

	
bdl

	
0.23




	
Al2O3

	
19.74

	
19.88

	
19.45

	
18.93

	
19.70

	
19.19

	
19.03

	
19.80

	
21.16

	
Al2O3

	
18.79

	
19.10

	
19.82

	
19.21




	
Cr2O3

	
0.49

	
0.31

	
0.24

	
0.18

	
0.23

	
0.58

	
0.07

	
0.35

	
0.18

	
Cr2O3

	
0.42

	
0.92

	
0.25

	
bdl




	
FeO

	
23.80

	
23.97

	
23.49

	
24.15

	
22.50

	
22.90

	
24.26

	
23.24

	
22.49

	
FeO

	
0.78

	
0.75

	
0.87

	
0.17




	
MnO

	
0.70

	
0.96

	
1.15

	
0.64

	
0.96

	
0.68

	
1.10

	
0.91

	
0.84

	
MnO

	
1.40

	
0.78

	
0.94

	
0.70




	
MgO

	
5.73

	
5.97

	
6.12

	
6.06

	
6.90

	
6.65

	
5.84

	
6.70

	
6.87

	
MgO

	
bdl

	
bdl

	
0.09

	
0.02




	
CaO

	
bdl

	
0.07

	
bdl

	
bdl

	
0.20

	
bdl

	
0.01

	
bdl

	
bdl

	
CaO

	
0.45

	
0.44

	
0.87

	
0.39




	
Na2O

	
0.13

	
0.18

	
0.31

	
0.20

	
0.20

	
0.14

	
0.29

	
0.23

	
0.22

	
Na2O

	
12.16

	
11.69

	
11.59

	
11.49




	
K2O

	
9.56

	
9.32

	
9.51

	
10.19

	
10.10

	
10.42

	
10.04

	
9.62

	
10.37

	
K2O

	
0.13

	
0.21

	
0.05

	
0.37




	
sum

	
96.55

	
96.05

	
96.60

	
96.57

	
96.86

	
97.35

	
96.99

	
97.17

	
95.62

	
sum

	
98.89

	
100.76

	
101.38

	
99.01




	
Cations per 22 O

	
Cations per 8 O




	
Si

	
5.170

	
5.104

	
5.146

	
5.136

	
5.139

	
5.143

	
5.116

	
5.129

	
5.121

	
Si

	
2.942

	
2.965

	
2.939

	
2.972




	
IVAl

	
2.830

	
2.896

	
2.854

	
2.864

	
2.861

	
2.857

	
2.884

	
2.871

	
2.879

	
Al

	
1.007

	
0.999

	
1.026

	
1.013




	

	

	

	

	

	

	

	

	

	

	
Fe3+

	
0.033

	
0.031

	
0.036

	
0.007




	
sum

	
8.000

	
8.000

	
8.000

	
8.000

	
8.000

	
8.000

	
8.000

	
8.000

	
8.000

	
sum

	
3.981

	
3.995

	
4.000

	
3.992




	
VIAl

	
0.772

	
0.761

	
0.699

	
0.618

	
0.718

	
0.622

	
0.607

	
0.715

	
1.015

	

	

	

	

	




	
Ti

	
0.352

	
0.316

	
0.366

	
0.389

	
0.319

	
0.391

	
0.408

	
0.339

	
0.083

	
Ca

	
0.022

	
0.021

	
0.041

	
0.019




	
Fe2+

	
3.085

	
3.131

	
3.048

	
3.154

	
2.904

	
2.950

	
3.160

	
2.989

	
2.940

	
Na

	
1.072

	
1.006

	
0.987

	
0.996




	
Mn

	
0.092

	
0.127

	
0.151

	
0.084

	
0.125

	
0.088

	
0.145

	
0.119

	
0.111

	
K

	
0.008

	
0.012

	
0.003

	
0.021




	
Mg

	
1.323

	
1.391

	
1.415

	
1.410

	
1.587

	
1.525

	
1.356

	
1.535

	
1.600

	
sum

	
1.101

	
1.039

	
1.030

	
1.036




	
Cr

	
0.060

	
0.038

	
0.030

	
0.023

	
0.029

	
0.071

	
0.009

	
0.042

	
0.022

	

	

	

	

	




	
sum

	
5.683

	
5.764

	
5.709

	
5.678

	
5.683

	
5.647

	
5.684

	
5.740

	
5.772

	
sum cations

	
5.083

	
5.033

	
5.030

	
5.028




	
Ca

	
0.000

	
0.012

	
0.000

	
0.000

	
0.032

	
0.000

	
0.001

	
0.000

	
0.000

	
End-members (mol %)




	
Na

	
0.040

	
0.054

	
0.094

	
0.062

	
0.060

	
0.042

	
0.086

	
0.070

	
0.066

	
anorthite

	
2.0

	
2.0

	
4.0

	
1.8




	
K

	
1.889

	
1.857

	
1.881

	
2.028

	
1.987

	
2.046

	
1.993

	
1.887

	
2.066

	
albite

	
97.3

	
96.8

	
95.8

	
96.2




	
sum

	
1.929

	
1.923

	
1.975

	
2.090

	
2.079

	
2.088

	
2.081

	
1.957

	
2.132

	
orthoclase

	
0.7

	
1.2

	
0.3

	
2.1




	
sum cations

	
15.612

	
15.688

	
15.684

	
15.768

	
15.762

	
15.735

	
15.766

	
15.697

	
15.904

	

	

	

	

	




	
Mg #

	
0.30

	
0.31

	
0.32

	
0.31

	
0.35

	
0.34

	
0.30

	
0.34

	
0.35

	

	

	

	

	




	
H2O calc

	
3.88

	
3.85

	
3.87

	
3.84

	
3.89

	
3.91

	
3.85

	
3.91

	
3.84

	

	

	

	

	




	
sum calc

	
100.4

	
99.9

	
100.5

	
100.4

	
100.8

	
101.3

	
100.8

	
101.1

	
99.5

	

	

	

	

	











4.1.2. Fluids


The reacting fluid should approximate the composition of a fluid exsolved from the leucogranitic dykes. Considering the Fe-Mg-poor nature of leucogranitic melts, the elements that will be partitioned in the exsolved aqueous phase would be principally Cl, Na, K and B. The concentrations of these elements in the reacting fluid could be established on the basis of two-phase fluid inclusions (i.e., the earliest fluid) of quartz–tourmaline veins. However, in general such inclusions do not record the fluid exsolved from the leucogranitic dykes; rather, they trapped the fluid precipitating quartz and tourmaline that already reacted with the biotite-rich schist of Mt. Calamita Formation, as suggested by the occurrence of significant concentrations of dissolved Fe in the inclusions [12].



General information on the chemical features of the aqueous fluid exsolved from granites can be given by fluid inclusions trapped in pegmatitic minerals. Peretyazhko et al. [37] reported a wide range of salinities (from 1 to 38.2 wt % NaCl equivalent) and H3BO3 concentrations (from 2.4 to 26.5 wt %) of fluid inclusions from the cavity and near-cavity mineral assemblages of 31 miarolitic pegmatites of 11 world regions.



Thus, in order to cover different exsolved fluid compositions in our experiments, two main types of B-bearing reacting fluids were considered: (1) a rather saline one, constituted by H2O + H3BO3 + NaCl; and (2) an NaCl-free fluid: H2O + H3BO3. The concentration of NaCl in the first fluid was set at 20 wt %, which is an intermediate value of the salinities of the two-phase inclusions in the Cala Stagnone quartz–tourmaline veins computed from final ice melting temperature [11] and of the salinity range reported by [37]. The concentration of H3BO3 in the reacting fluids was also variable from 0.01 to 3.2 M (i.e., from 0.06 to 20 wt % of H3BO3), and encompasses the H3BO3 range concentration (2.8–5.0 wt %) found in the liquid phase of inclusions in tourmaline of an aplite–pegmatite dyke of the eastern Mt. Capanne plutonic complex [13].



H3BO3 was chosen since acid solutions are considered the most favourable for tourmaline crystallisation, e.g., [38]. With increasing T, H3BO3 dehydrates (at T approaching 400 °C) in a few steps, producing B2O3. The water so released only slightly decreases the real H3BO3 concentrations in aqueous solutions.



Saline solution was prepared using NaCl Suprapur Merck chemical compound. The solid/fluid ratio in experiments varied from 0.5 to 1. These values were arbitrarily chosen, being a good compromise between experimental design (which does not allow us to insert a great amount of fluid into capsules) and the need to ensure that the solid inside the capsule is completely wet.





4.2. Experimental Conditions and Apparatus


Experimental details about experiments are reported in Table 2. All experiments lasted 168 h. Unbuffered experiments were performed in the range 100–130 MPa and 500–600 °C, on the basis of the pressure–temperature range estimated from fluid inclusion data on quartz–tourmaline veins (see Section 3). Since the quartz–tourmaline veins hosting the fluid inclusions are spatially associated with the leucogranitic dykes, the information given by fluid inclusion data would reflect the pressure and temperature conditions of the exsolved fluid.



Table 2. List of experiments with related details. All experiments lasted 168 h. GN1B = rock, GN1B sep. = biotite-enriched separate (see text), H2O-NaCl = aqueous solution (20 wt % NaCl). Tourmaline was detected in experimental products through either XRD and/or SEM. Tourmaline of some selected experiments were analysed through EMPA (XMg = Mg/(Mg + Fe2+)). The results of Rietveld refinements (phase wt %) on some selected experiments are also reported, in brackets phase wt % in the starting material.







	
Experiment

	
2

	
4

	
5

	
6

	
8

	
9

	
10

	
11

	
15

	
16

	
17

	
18

	
19

	
20






	
Starting Material

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Rock/sep.

	
GN1B sep.

	
GN1B sep.

	
GN1B sep.

	
GN1B sep.

	
GN1B

	
GN1B

	
GN1B

	
GN1B

	
GN1B sep.

	
GN1B sep.

	
GN1B sep.

	
GN1B sep.

	
GN1B

	
GN1B sep.




	
Fluid

	
H2O-NaCl

	
H2O-NaCl

	
H2O-NaCl

	
H2O-NaCl

	
H2O

	
H2O

	
H2O-NaCl

	
H2O-NaCl

	
H2O-NaCl

	
H2O-NaCl

	
H2O-NaCl

	
H2O-NaCl

	
H2O

	
H2O




	
Rock/sep. (g)

	
0.0311

	
0.0275

	
0.0408

	
0.3164

	
0.0421

	
0.0523

	
0.0539

	
0.0486

	
0.0276

	
0.031

	
0.3284

	
0.0451

	
0.0486

	
0.2504




	
Fluid (g)

	
0.0786

	
0.0394

	
0.0514

	
0.6593

	
0.0831

	
0.0839

	
0.0836

	
0.0854

	
0.0404

	
0.0759

	
0.6487

	
0.0919

	
0.0867

	
0.5215




	
H3BO3 (g)

	
0.0078

	
0.0055

	
0.0102

	
0.0791

	
0.0114

	
0.0005

	
0.0001

	
0.0005

	
0.00002

	
0.0073

	
0.0657

	
0.0134

	
0.0115

	
0.0626




	
H3BO3 (M)

	
1.6

	
2.3

	
3.2

	
1.9

	
2.2

	
0.1

	
0.01

	
0.1

	
0.01

	
1.6

	
1.6

	
2.4

	
2.1

	
1.9




	
Solid/Fluid

	
0.5

	
0.8

	
1.0

	
0.6

	
0.6

	
0.6

	
0.6

	
0.6

	
0.7

	
0.5

	
0.6

	
0.6

	
0.7

	
0.6




	
P-T Conditions

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
T (°C)

	
500

	
500

	
500

	
600

	
600

	
600

	
600

	
600

	
600

	
500

	
500

	
600

	
600

	
500




	
P (MPa)

	
130

	
130

	
130

	
100

	
100

	
100

	
100

	
100

	
100

	
100

	
100

	
100

	
100

	
100




	
Note

	

	

	

	
long capsule

	

	

	

	

	

	

	
long capsule

	

	

	
long capsule




	
Results

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
tourmaline

	
yes

	
yes

	
yes

	
yes

	
yes

	
no

	
no

	
no

	
no

	
yes

	
yes

	
yes

	
yes

	
yes




	
XMg

	
0.63–0.90

	
0.71–0.88

	
0.68–0.85

	
0.66–0.88

	
0.44–0.45

	

	

	

	

	

	
0.73–0.74

	
0.64–0.95

	
0.42–0.47

	




	
Rietveld Refinement (wt %)

	

	

	

	

	

	

	

	

	

	

	

	




	
biotite

	

	

	

	
22 (47)

	
3 (27)

	

	

	

	

	

	
15 (47)

	

	

	
21 (47)




	
plagioclase

	

	

	

	
49 (44)

	
29 (41)

	

	

	

	

	

	
59 (44)

	

	

	
47 (44)




	
tourmaline

	

	

	

	
25

	
43

	

	

	

	

	

	
20

	

	

	
29




	
K-feldspar

	

	

	

	
2

	
17

	

	

	

	

	

	
5

	

	

	




	
quartz

	

	

	

	
2 (4)

	
8 (25)

	

	

	

	

	

	
1 (4)

	

	

	
4 (4)










Experiments were performed by using a Leco Corp. (model HR-2B-2, Leco Corp., St. Joseph, MI, USA) cold seal pressure vessel equipment. For each experiment, solid starting material plus fluid was sealed in Au capsules (4.8 mm external diameter, 4.6 mm internal diameter), and inserted in a René 41 pressure vessel (Leco Corp.). Lengths of capsules were generally in the range 15–25 mm; longer lengths (100 mm) were used only in those experiments planned to recover the fluid after fluid-solid interaction runs. In these cases, particular care was taken to place the capsules in the equalised zone of the furnace, which was measured to be ~20 mm wide. P was measured by pressure gauges while T was controlled and monitored by K-type thermocouples attached on the outside. At the end of each experiment, the pressure vessel was extracted from the oven, and the capsule was recovered when the vessel was at ambient T (approximately 1 h after the end of the experiment). Experiments were considered successful if the capsules did not change their weights after the runs.




4.3. Analyses


4.3.1. Solids


Solids (starting material and some experimental products) were characterised through the following techniques:

	
XRD: Philips PW 1050/37 diffractometer (Philips, Amsterdam, The Netherlands), Cu Kα source, 2° 2Θ/min step size. Rietveld refinements of powder diffraction patterns were performed on some selected spectra using the MAUD software package [39];



	
SEM: Zeiss EVO MA15 instrument (Zeiss, Oberkochen, Germany), equipped with an Oxford Inca 250 EDS detector (Oxford Instruments, Abingdon-on-Thames, UK), 20 kV accelerating voltage. EDS spectra and semi-quantitative analyses were acquired for the whole set of experimental products;



	
EMPA: JEOL JXA-8600 (Jeol Ltd., Tokyo, Japan) electron microprobe using 15 kV accelerating voltage, 10 nA beam current, spot size ~5 µm, and 15 s counting times for each element (Si, Ti, Al, Cr, Fe, Mn, Mg, Ca, K) but10 s for Na. Data were collected considering the PAP model [40]. Mineral analyses by this technique were performed only on some selected experimental products.








In addition to experimental products, tourmalines from quartz tourmaline veins and metasomatic bodies from the Cala Stagnone outcrop (Figure 1) were analysed through EMPA, for a direct comparison with synthetic crystals.




4.3.2. Fluids


Three experiments (Experiments 6, 17 and 20, Table 2) were performed to recover and analyse fluid and solid phases. The utilisation of long (100 mm) capsule was planned to maximise the amount of fluid in the capsule and, consequently, minimise errors during subsequent dilution. Fluids were extracted as follows:

	
the capsule was immersed in milli-Q water into a test tube with a porous stopper;



	
the capsule was crimped (and opened) using pliers, thus allowing the fluid into the capsule to dilute into the milli-Q water. Knowing the amount of the fluid inserted into the capsule the dilution was then calculated;



	
the immersion of the test tube in ultrasonic bath for 3 h favoured the homogenisation of the aqueous solution and the powder removal from the capsule;



	
after 48 h, the powder fully deposited to the bottom of the test tube and the solution was thus recovered through a pipette, and subsequently analysed.








Solutions were analysed through Liquid Chromatography by using 861 Advanced Compact IC Metrohm and 761 Compact IC Metrohm for anions (F, Cl, NO3, SO4, NH4) and by means of ICP-OES (PerkinElmer Optima 8000, PerkinElmer, Waltham, MA, USA) for cations (Li, Na, K, Mg, Ca, Fe, Mn, Si, Ni). Fluid composition was then calculated taking into account the operated dilution.






5. Results


5.1. Solid Phases


5.1.1. General Remarks


The indication of the presence of tourmaline among products in the different experiments is reported in Table 2. Tourmaline is detected in runs where the boric acid concentration was equal or greater than 1.6 M, irrespective of the solid and fluid used as starting materials. Tourmalines are found as coalesced acicular crystals with the longest size ranging up to 20 µm (Figure 3) in the whole investigated T range. In XRD spectra the main peaks diagnostic of this phase were found at d = 2.57, 3.98, 4.22, 2.04 and secondarily at 2.96, 3.48 and 1.92 Å. Moreover, tourmaline abundance in experimental products seems independent from T. At the same time, the formation of tourmaline is accompanied by a sharp decrease of biotite amounts in experimental products; this diminution appears independent of both T and the salinity of the aqueous solution used as fluid reactant. For low boric acid concentrations (0.01 and 0.1 M), tourmaline was detected in neither the XRD spectra nor the SEM observations.


Figure 3. SE images of tourmalines synthesised in Experiment 8 (a); Experiment 5 (b); and Experiment 4 (c).
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Chemical analyses of tourmalines show differences based on the presence/absence of NaCl in the fluid used in the experiments (Table 2); on the contrary, the use of the selected rock or its biotite enriched separate did not significantly affect the mineralogy and mineral chemistry of experimental products. On this basis, experiments performed using NaCl-bearing aqueous solutions and NaCl-free solutions will be presented separately.



It is worth noting the disappearance of muscovite among experimental products; the other minor phases in solid starting material (chlorite, andalusite, cordierite and ilmenite) were sometimes found during SEM observations, even if never detected through XRD.



After the experiments, residual biotite does not show compositional differences with respect to crystals from the starting material (Table 1).




5.1.2. Experiments Performed Using Saline Aqueous Solutions


XRD spectra reveal tourmaline as the main neo-formed phase in experimental products. Rietveld refinement estimations on XRD spectra of Experiments 6 and 17 are reported in Table 2. Mineral chemistry of tourmaline reveals that this phase can be mostly classified as dravite [41] (Table 3). In addition, a few crystals are classified as schorl [41]. Moreover, EMP analyses reveal that tourmaline is not the only neo-formed phase in these experiments. In fact, investigations using backscattered electrons allowed for finding tiny veins (width < 20 µm) of Fe oxides (Figure 4) or Fe oxyhydroxides, with SiO2 (~2–3 wt %) and Al2O3 (~1 wt %) contents. Possibly, this phase is not fully crystalline, like amorphous oxyhydroxides, and this could explain why it was not detected by XRD investigation. Plagioclase increase in the experimental products (Table 2) is likely related to the high Na concentration in the aqueous solution that favoured plagioclase (albite) crystallization. A minor neo-formed phase is K-feldspar (Table 2).


Figure 4. Backscattered electron (BSE) image showing neo-formed magnetite (white) associated with biotite, plagioclase and tourmaline (Experiment 6).
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Table 3. Representative EMP analyses of both synthetic and natural tourmalines. The formulas of tourmaline were calculated on the basis of 31 anions using the Excel spreadsheet of [36], where B2O3, H2O and Li2O are calculated by stoichiometry, assuming B = 3 apfu, OH + F = 4 apfu. Classification according to [42]; bdl = below detection limit.







	

	
Synthetic Tourmalines

	
Natural Tourmalines (Cala Stagnone)






	
Sample

	
Exp2

	
Exp2

	
Exp2

	
Exp2

	
Exp2

	
Exp4

	
Exp4

	
Exp5

	
Exp6

	
Exp6

	
Exp18

	
Exp8

	
Exp8

	
Exp19

	
Exp19

	
Exp19

	
Exp19

	
Exp19

	
F1ST1A

	
F2ST3A

	
F2ST3A

	
F2ST3A

	
F1ST4C

	
F1ST4C




	
Label

	
6

	
11

	
16

	
18

	
19

	
16

	
19

	
17

	
7

	
13

	
1

	
4

	
10

	
2

	
3

	
4

	
5

	
8

	
14

	
1

	
2

	
3

	
4

	
5




	
Fluid

	
H2O-NaCl

	
H2O-NaCl

	
H2O-NaCl

	
H2O-NaCl

	
H2O-NaCl

	
H2O-NaCl

	
H2O-NaCl

	
H2O-NaCl

	
H2O-NaCl

	
H2O-NaCl

	
H2O-NaCl

	
H2O

	
H2O

	
H2O

	
H2O

	
H2O

	
H2O

	
H2O

	

	

	

	

	

	




	
SiO2

	
35.54

	
35.75

	
35.44

	
35.10

	
34.52

	
37.14

	
35.68

	
34.86

	
34.28

	
32.49

	
31.49

	
33.72

	
35.07

	
32.87

	
34.70

	
33.38

	
35.97

	
32.82

	
36.10

	
36.01

	
35.04

	
35.56

	
36.00

	
35.68




	
TiO2

	
0.39

	
0.48

	
0.50

	
0.41

	
0.56

	
0.41

	
0.43

	
0.94

	
1.32

	
1.06

	
1.16

	
0.65

	
0.87

	
0.72

	
0.72

	
0.81

	
0.62

	
0.49

	
0.77

	
0.26

	
0.98

	
0.42

	
1.81

	
0.63




	
Al2O3

	
34.66

	
35.51

	
34.89

	
34.76

	
34.49

	
34.02

	
35.27

	
32.23

	
33.51

	
33.98

	
35.88

	
33.91

	
33.95

	
34.04

	
33.55

	
36.37

	
34.20

	
35.42

	
29.78

	
31.28

	
32.18

	
34.63

	
28.28

	
32.29




	
Cr2O3

	
0.02

	
bdl

	
0.16

	
0.31

	
bdl

	
0.07

	
0.05

	
0.09

	
0.09

	
0.02

	
0.06

	
bdl

	
0.14

	
0.10

	
bdl

	
bdl

	
bdl

	
0.02

	
0.18

	
0.54

	
0.34

	
0.19

	
0.21

	
0.65




	
FeO

	
3.72

	
1.87

	
3.33

	
2.30

	
4.77

	
1.78

	
1.86

	
8.71

	
3.05

	
6.71

	
5.00

	
9.22

	
9.15

	
9.11

	
8.69

	
8.17

	
8.88

	
8.22

	
3.25

	
5.91

	
9.36

	
13.46

	
7.47

	
5.40




	
MnO

	
0.08

	
0.04

	
0.03

	
bdl

	
0.07

	
bdl

	
0.09

	
0.04

	
bdl

	
bdl

	
0.11

	
0.03

	
bdl

	
0.10

	
0.08

	
0.06

	
0.03

	
bdl

	
0.52

	
0.60

	
0.51

	
0.43

	
0.56

	
0.49




	
MgO

	
6.97

	
8.10

	
7.28

	
8.17

	
7.07

	
7.41

	
7.82

	
4.55

	
9.04

	
6.64

	
5.97

	
4.06

	
4.29

	
3.97

	
3.76

	
4.14

	
3.89

	
3.54

	
10.70

	
7.99

	
5.05

	
2.05

	
8.02

	
7.14




	
CaO

	
0.42

	
0.55

	
0.45

	
0.37

	
0.60

	
0.48

	
0.50

	
0.71

	
0.51

	
0.38

	
0.48

	
1.48

	
1.27

	
1.56

	
1.51

	
1.32

	
1.33

	
1.40

	
2.32

	
0.78

	
0.64

	
0.43

	
1.88

	
1.12




	
Na2O

	
2.22

	
2.06

	
2.46

	
2.37

	
2.29

	
2.28

	
2.09

	
1.46

	
2.30

	
2.55

	
2.85

	
1.55

	
1.69

	
1.75

	
1.49

	
1.60

	
1.50

	
1.31

	
1.38

	
2.01

	
1.87

	
1.52

	
1.60

	
1.74




	
K2O

	
bdl

	
0.03

	
0.07

	
0.10

	
bdl

	
0.18

	
bdl

	
0.07

	
0.03

	
0.07

	
bdl

	
bdl

	
bdl

	
0.31

	
bdl

	
0.07

	
0.66

	
0.40

	
bdl

	
0.07

	
bdl

	
bdl

	
bdl

	
0.29




	
Sum

	
84.01

	
84.40

	
84.60

	
83.89

	
84.37

	
83.76

	
83.80

	
83.67

	
84.13

	
83.89

	
82.99

	
84.62

	
86.43

	
84.53

	
84.49

	
85.94

	
87.08

	
83.63

	
84.99

	
85.46

	
85.96

	
88.69

	
85.82

	
85.43




	
H2O *

	
3.6

	
3.7

	
3.7

	
3.7

	
3.6

	
3.7

	
3.7

	
3.5

	
3.6

	
3.6

	
3.5

	
3.6

	
3.6

	
3.5

	
3.6

	
3.6

	
3.7

	
3.5

	
3.7

	
3.6

	
3.6

	
3.7

	
3.6

	
3.6




	
B2O3 *

	
10.6

	
10.7

	
10.6

	
10.6

	
10.5

	
10.7

	
10.7

	
10.3

	
10.5

	
10.3

	
10.3

	
10.3

	
10.5

	
10.2

	
10.3

	
10.5

	
10.6

	
10.2

	
10.6

	
10.5

	
10.4

	
10.6

	
10.4

	
10.6




	
Total

	
98.24

	
98.84

	
98.92

	
98.15

	
98.52

	
98.12

	
98.14

	
97.46

	
98.32

	
97.74

	
96.80

	
98.48

	
100.62

	
98.30

	
98.40

	
100.09

	
101.38

	
97.40

	
99.22

	
99.63

	
100.00

	
102.98

	
99.87

	
99.63




	
Structural formula based on 31 anions (O, OH, F) and 3 B

	

	

	

	

	

	




	
Si

	
5.84

	
5.79

	
5.79

	
5.75

	
5.70

	
6.05

	
5.82

	
5.91

	
5.65

	
5.49

	
5.33

	
5.69

	
5.78

	
5.58

	
5.83

	
5.51

	
5.88

	
5.58

	
5.93

	
5.94

	
5.83

	
5.82

	
5.99

	
5.87




	
Al

	
0.16

	
0.21

	
0.21

	
0.25

	
0.30

	
0.00

	
0.18

	
0.09

	
0.35

	
0.51

	
0.67

	
0.31

	
0.22

	
0.42

	
0.17

	
0.49

	
0.12

	
0.42

	
0.07

	
0.06

	
0.17

	
0.18

	
0.01

	
0.13




	
sum T

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.05

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00




	
Al

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
5.70

	
6.00

	
6.00

	
6.00

	
5.54

	
6.00




	
Mg

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.30

	
0.00

	
0.00

	
0.00

	
0.46

	
0.00




	
sum Z

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00

	
6.00




	
Al

	
0.55

	
0.57

	
0.50

	
0.47

	
0.42

	
0.53

	
0.59

	
0.35

	
0.15

	
0.25

	
0.49

	
0.43

	
0.37

	
0.39

	
0.48

	
0.59

	
0.47

	
0.67

	
0.00

	
0.02

	
0.15

	
0.49

	
0.00

	
0.14




	
Ti

	
0.05

	
0.06

	
0.06

	
0.05

	
0.07

	
0.05

	
0.05

	
0.12

	
0.16

	
0.13

	
0.15

	
0.08

	
0.11

	
0.09

	
0.09

	
0.10

	
0.08

	
0.06

	
0.09

	
0.03

	
0.12

	
0.05

	
0.23

	
0.08




	
Cr

	
0.00

	
0.00

	
0.02

	
0.04

	
0.00

	
0.01

	
0.01

	
0.01

	
0.01

	
0.00

	
0.01

	
0.00

	
0.02

	
0.01

	
0.00

	
0.00

	
0.00

	
0.00

	
0.02

	
0.07

	
0.04

	
0.02

	
0.03

	
0.08




	
Mg

	
1.71

	
1.96

	
1.77

	
2.00

	
1.74

	
1.80

	
1.90

	
1.15

	
2.22

	
1.67

	
1.51

	
1.02

	
1.05

	
1.00

	
0.94

	
1.02

	
0.95

	
0.90

	
2.32

	
1.96

	
1.25

	
0.50

	
1.53

	
1.75




	
Mn

	
0.01

	
0.01

	
0.00

	
0.00

	
0.01

	
0.00

	
0.01

	
0.01

	
0.00

	
0.00

	
0.02

	
0.00

	
0.00

	
0.01

	
0.01

	
0.01

	
0.00

	
0.00

	
0.07

	
0.08

	
0.07

	
0.06

	
0.08

	
0.07




	
Fe2+

	
0.51

	
0.25

	
0.45

	
0.32

	
0.66

	
0.24

	
0.25

	
1.24

	
0.42

	
0.95

	
0.71

	
1.30

	
1.26

	
1.29

	
1.22

	
1.13

	
1.21

	
1.17

	
0.45

	
0.81

	
1.30

	
1.84

	
1.04

	
0.74




	
sum Y

	
2.83

	
2.84

	
2.81

	
2.87

	
2.90

	
2.63

	
2.82

	
2.87

	
2.97

	
3.00

	
2.88

	
2.84

	
2.81

	
2.81

	
2.74

	
2.85

	
2.71

	
2.80

	
2.95

	
2.99

	
2.95

	
2.97

	
2.90

	
2.87




	
Ca

	
0.07

	
0.10

	
0.08

	
0.07

	
0.11

	
0.08

	
0.09

	
0.13

	
0.09

	
0.07

	
0.09

	
0.27

	
0.22

	
0.28

	
0.27

	
0.23

	
0.23

	
0.26

	
0.41

	
0.14

	
0.11

	
0.07

	
0.34

	
0.20




	
Na

	
0.71

	
0.65

	
0.78

	
0.75

	
0.73

	
0.72

	
0.66

	
0.48

	
0.73

	
0.83

	
0.93

	
0.51

	
0.54

	
0.58

	
0.49

	
0.51

	
0.48

	
0.43

	
0.44

	
0.64

	
0.60

	
0.48

	
0.52

	
0.56




	
K

	
0.00

	
0.01

	
0.01

	
0.02

	
0.00

	
0.04

	
0.00

	
0.02

	
0.01

	
0.01

	
0.00

	
0.00

	
0.00

	
0.07

	
0.00

	
0.01

	
0.14

	
0.09

	
0.00

	
0.01

	
0.00

	
0.00

	
0.00

	
0.06




	
sum X

	
0.78

	
0.75

	
0.87

	
0.84

	
0.84

	
0.84

	
0.75

	
0.62

	
0.83

	
0.92

	
1.02

	
0.77

	
0.77

	
0.93

	
0.76

	
0.76

	
0.85

	
0.77

	
0.85

	
0.79

	
0.72

	
0.56

	
0.85

	
0.81




	
Classif.

	
Dravite

	
Dravite

	
Dravite

	
Dravite

	
Dravite

	
Dravite

	
Dravite

	
Schorl

	
Dravite

	
Dravite

	
Dravite

	
Schorl

	
Schorl

	
Schorl

	
Schorl

	
Schorl

	
Schorl

	
Schorl

	
Dravite

	
Dravite

	
Schorl

	
Schorl

	
Dravite

	
Dravite











5.1.3. Experiments Performed Using Pure Water


Rietveld refinement estimations on XRD spectra of Experiments 8 and 20 are reported in Table 2. Experiments show that tourmaline also forms when pure water is utilised. In this case, Na required for its crystallisation is not necessarily furnished directly by the fluid, but most likely comes from a Na/K exchange process affecting feldspars ([43] and references therein), where K in the solution is provided by a biotite reaction. As a matter of fact, XRD spectra reveal tourmaline and K feldspar as the main neo-formed phases. The former can be classified as schorls (Table 3). Furthermore, abundant K feldspars were sometimes found among experimental products, mainly surrounding plagioclase relicts of the starting material (Figure 5). Their composition, detected through EMPA, is An0–3Ab21–28Or65–77.


Figure 5. BSE image showing neo-formed K feldspar surrounding an albite relict from the starting material (Experiment 8).
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SEM investigations using backscattered electrons allowed identifying rare Fe oxides (amorphous oxyhydroxides?); they are less abundant with respect to those observed among the experimental products obtained with saline solution (see Section 5.1.2).





5.2. Fluids


The compositions of fluids extracted from Experiments 6, 17 and 20 are reported in Table 4. Fluids sampled from experiments completed using a saline fluid show a decrease of Na with respect to the starting solution. On the contrary, K, Fe and, secondarily, Ca, Mg, Mn and Li show opposite trends. This evidence confirms the occurrence of biotite dissolution during the experiments. The elevated Fe contents in solutions are remarkable (Table 4); this observation, coupled with the finding of Fe oxides or amorphous oxyhydroxides in experimental products, testifies to Fe mobility during the fluid–rock interaction experiments. In the run completed using pure water (Experiment 20), K and Fe contents are one order of magnitude less than in saline fluids (Table 4). On the contrary, Si is about seven times more abundant than in Experiment 17 (performed in similar conditions; see Table 2, Table 3 and Table 4); this difference could be due to different amounts of plagioclase in the relative solids, considering that this phase is more abundant when saline fluid was utilised (Table 2). The paucity of K in solution complements the occurrence of K feldspars among experimental products in this run. As it regards element variations with T (runs with saline fluid), the opposite trends shown by K and Fe should be noted. They cannot be explained by less efficient dissolution of biotite at 500 °C with respect to 600 °C, but likely to a greater stabilisation of K feldspars at the lowest investigated temperature. This statement is supported by the observation of phases found in experimental products, suggesting the independence of T and biotite dissolution (Section 5).



Table 4. Analyses of fluid (by ICP and LC) recovered after the experiments; na = not analysed, bdl = below detection limit. Starting fluid composition is also indicated for saline solutions (H2O-NaCl).







	
Experiment

	
6

	
17

	
20






	
T (°C)

	
600

	
500

	
500




	
P (MPa)

	
100

	
100

	
100




	
Fluid

	
H2O-NaCl

	
H2O-NaCl

	
H2O




	
Values in μg/g

	

	




	
ICP

	

	

	




	
Na

	
57,446

	
64,636

	
bdl




	
Li

	
131

	
85

	
19




	
K

	
11,439

	
6438

	
529




	
Mg

	
185

	
8

	
104




	
Ca

	
229

	
326

	
85




	
Fe

	
1786

	
2709

	
312




	
Mn

	
237

	
164

	
1.9




	
Si

	
na

	
274

	
1994




	
Ni

	
na

	
1.7

	
na




	
LC

	

	

	




	
Cl

	
109,368

	
119,527

	
479




	
F

	
120

	
77

	
128




	
SO4

	
95

	
442

	
95




	
NO3

	
bdl

	
17

	
39




	
NH4

	
bdl

	
28

	
52




	
Starting Fluid Composition (LC)

	




	
Na (LC)

	
87,856

	
bdl




	
Cl (LC)

	
128,872

	
bdl




	
Li (ICP)

	
28

	
bdl




	
K (ICP)

	
281

	
bdl










Ca found in the solutions (and also within tourmaline) is likely derived from the plagioclase through Na–Ca exchange between plagioclase and the NaCl-rich solution (Experiments 6 and 17) or from the replacement of plagioclase by K-feldspar in the NaCl-free experiment (Experiment 20).



Fluids extracted have considerable F contents (77–130 µg/g). In our experiments, similar to what commonly happens in groundwater, F originates from the dissolution of biotite, which may contain significant fluorine in the OH sites of the octahedral sheet e.g., [44] and references therein. Biotite dissolution can be a source of Cl as well. In fact, the Cl content (479 µg/g) in the NaCl-free experiment strongly supports this hypothesis.





6. Discussion


6.1. Tourmaline Formation


The results of the experiments indicate that the reaction of B-bearing fluid with biotite-rich schist of the Mt. Calamita Formation under relatively high temperature (500–600 °C) and upper crust pressure (100–130 MPa) conditions causes relatively abundant tourmaline crystallisation.



Biotite is the major supplier for tourmaline crystallisation and its dissolution mainly causes K and Fe mobilisation in the resulting fluid, as well as Fe oxide formation in experimental products. The reaction responsible for biotite dissolution and tourmaline crystallisation can be sketched for Fe (and Mg, in parentheses) end-members, as follows:


6annite (phlogopite) + 5H+ + Na+ + 3H3BO3 + 4H2O ↔ schorl (dravite) + 15Fe2+ (Mg2+) + 30OH− + 6K+ + 12SiO2



(1)







The proposed tourmaline crystallisation through reaction (1) is similar to the process experimentally identified by [45] in an amphibolite reacting with boron-bearing aqueous fluids at 200 MPa and 475–600 °C. In their experiments, Ref. [45] found that the formation of tourmaline from acidic fluids (containing >0.5–1.0 wt % B2O3) involved the dissolution of hornblende and plagioclase. Moreover, tourmaline-forming reactions proceed only in acidic conditions (pH < 6), so that its crystallisation is prevented in alkaline conditions even in the presence of a B source [45]. In our experiments, tourmaline formed when the H3BO3 content was ≥1.6 M (i.e., B2O3 ≥ 5.5 wt %), whereas the use of H3BO3 concentrations ≤0.1 M (i.e., ≤0.35 wt %) does not allow tourmaline crystallisation. The lack of tourmaline formation in the experiments at 600 °C and relatively low H3BO3 concentrations agree with the experimental data of [3], indicating that at subsolidus conditions fluids equilibrated with tourmaline at 600 °C when B2O3 is >0.7 wt %.



Fe mass balance calculation, taking into account Rietveld refinements (Table 2) on both starting material and experimental products, is in accordance with Reaction (1). In particular, as regards Experiment 6, considering a KFe2.1Mg0.9AlSi3O10(OH)2 mica composition (simplifying and approximating the composition of mica in the starting material), it can be determined that about 13 wt % of the Fe produced by mica enters in tourmaline, and the remaining can be complexed in fluid (see below) and is eventually available for Fe oxide formation. In this case Mg-rich (dravitic) tourmaline crystallises. On the other hand, when an NaCl-free solution is used (e.g., Experiment 8) tourmaline “sequesters” as much as 70% of the Fe produced by mica dissolution, forming Fe-rich (schorlitic) crystals. Mg produced by mica dissolution is less than Fe, and it is found in small amounts (tens or hundreds of µg/g) in both H2O + NaCl and H2O fluids (Table 4). This is reasonable in experiments in which a saline fluid was used; in fact, Mg-rich tourmaline here forms. In experiments in which H2O was used as a fluid reactant, the greater amount (although Fe-rich) of tourmaline crystallisation can explain the Mg paucity in the fluid. Nevertheless, if Reaction (1) is taken into account, the expected Mg contents in fluid should be higher than the measured values. Thus, it is likely that the amount of tourmaline effectively formed can be higher than that calculated from Rietveld refinement. Considering K mass balance, Rietveld calculations are in accordance with Reaction (1), and the quite different K contents found in experimental fluids (Table 4) are in agreement with the occurrence of K feldspar crystallisation (Figure 5) in the NaCl-free experiment (i.e., Experiment 20).



The experiments show that the compositions of tourmalines and fluid recovered at the end of experiments vary significantly in function of the composition of fluid inserted in the capsules. Crystal chemistry shows that synthetic tourmalines belong to the alkali group according to the nomenclature of [41]; however, if a NaCl-rich fluid was used, dravites mainly crystallised (Table 3), and the recovered fluid has considerable K (640–11500 µg/g) and Fe (1800–2700 µg/g) contents (Table 4).



On the contrary, schorls crystallise when using pure water as a fluid reactant, and the recovered fluid has one order of magnitude less K (530 µg/g) and Fe (310 µg/g) contents (Table 4). Mg and Fe distribution in solids and fluids in experimental products can be visualised, taking into consideration their Mg/(Mg + Fetotal) values (Figure 6). In this graph, the relative values of biotites in starting material and tourmalines and fluids sampled in experimental products are visualised when using NaCl-rich or pure water starting fluids. The use of an NaCl-rich fluid in experiments produce tourmalines and fluids with quite different Mg/(Mg + Fetotal) values, while the use of pure water narrows these values. This is likely related to the presence of Cl, which acts as a complexing agent, forming different Fe(II) and Fe(III) complexes (i.e., FeCl+ FeCl2+, FeCl20, FeCl42−) in relation to temperature, pH, oxygen fugacity and Cl concentration, favouring its mobilisation in hydrothermal solutions [46,47,48,49,50].


Figure 6. Mg/(Mg + Fetot) in the biotites from the starting material and relative values in synthesised tourmalines and fluids recovered from capsules using H2O and H2O + NaCl starting solutions.
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Fe mobilisation in solution could have hindered its entering the tourmaline structure, just allowing crystallisation of dravites. Moreover, Fe could have precipitated as Fe oxides or amorphous oxyhydroxides at the end of experiments, when P and T conditions were decreasing together with the stability of Fe–Cl complexes in solution. In fact, the stability of Fe–Cl species generally decreases with falling temperature [48,49]. On the contrary, Fe-rich tourmalines (schorls) crystallised when Fe cannot be complexed, and consequently mobilised, by Cl in solution.



F and Li contents found in the recovered fluid (Table 4) can also be related to biotite dissolution. Even if these elements were not analysed in micas from starting materials, it is likely that mica’s dissolution contributed extensively to their occurrence in extracted fluids.



Tourmaline crystallises even when Na was not included in the starting reactant fluid. This observation strongly suggests the occurrence of a Na/K exchange between feldspar and fluid, making Na available for tourmaline crystallisation and causing K feldspars surrounding plagioclase crystals.



Besides biotite dissolution and tourmaline crystallisation, it is noteworthy to remark the muscovite (KAl2(AlSi3)O10(OH)2) disappearance among solid products at the end of experiments. Puxeddu et al. [51] proposed albitisation of muscovite as an important process occurred during the metasomatism in the Calamita promontory. The reaction, reported as follows,


3Na+ + KAl2(AlSi3)O10(OH)2 + 6SiO2 = 3NaAlSi3O8 + 2H+ + K+



(2)




could have occurred during our experimental runs too, even if SEM observations do not support this hypothesis, probably due to the paucity of muscovite in the starting material.



This reaction is favoured by the availability of SiO2 and Na; these components were indeed produced through Reaction (1) during the experiments. Moreover, Reaction (2) could have supplied additional K, besides that produced through biotite dissolution.




6.2. Synthetic and Natural Tourmalines


A comparison of significant element variations in natural (from this study and from [8]) and synthetic tourmalines is shown in Figure 7. Synthetic crystals were split into crystals formed in saline (H2O-NaCl, 500 and 600 °C: Group 1) and pure water (H2O, 600 °C: Group 2) aqueous environments. Both groups show Na and Ca variability; Group 1 is also characterised by a wide variation of Fe and Mg, whereas in Group 2 Fe and Mg display smaller variations. On the other hand, no significant differences exist among tourmalines of the same group formed at 500 and 600 °C. Compositional changes shown by synthetic tourmalines formed under similar P–T conditions and NaCl concentrations suggest that full equilibrium was not attained during the experiments. Nevertheless, some observations can be made from Figure 7.


Figure 7. Ca vs. Na (a) and Fe vs. Mg (b) contents in synthetic and natural tourmalines. The former are distinguished on the basis of fluid salinity used in experiments. The latter include both analyses of this study and data from the literature [8].
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In particular, Group 2 tourmalines have Na values largely similar to natural crystals and generally lower than tourmalines from Group 1, whose Na contents are in most cases higher than the contents in natural tourmaline. On the contrary, the Ca values of Group 2 tourmalines are higher than the contents in Group 1; both groups are within the range of natural crystals.



It is also noteworthy that Li was not analysed in either synthetic or natural tourmalines. Consequently, some tourmalines reported here could conceivably shift their composition toward the Li end-member of the alkali group. The presence of Li is compatible with the low sums of Y sites in tourmalines, which is generally lower than the ideal stoichiometric value of 3 (Table 3).



The Fe and Mg contents of Group 2 tourmalines are higher and lower, respectively, than those from Group 1, and partially overlap with the values of natural crystals (Figure 7b). Group 1 tourmalines have lower Fe contents with respect to natural tourmaline at constant Mg contents; this difference can be related to a different composition of the reacting fluid with respect to the fluid exsolved from leucogranitic dykes. In particular, Fe, Mg and Na concentrations in synthetic tourmaline are related to the presence/absence of NaCl in the reacting fluid. Thus, it is plausible that a fluid with a concentration of NaCl lower than 20 wt % will produce tourmaline with a composition similar to the natural ones. In addition, the choice to use only Na as the cation species in the reacting fluid is an oversimplification, since the fluid exsolved from leucogranitic dykes likely contains additional cations such as K and Li.



Experimental observations made by [52] on Fe-free tourmalines synthesised at 300–700 °C and 200 MPa showed that, at a given temperature, the amount of Na in the X-site of tourmaline is related to the Na concentration in the final fluid. The significant difference of the Na contents between Group 1 and 2 tourmalines is in agreement with this result. However, our data do not agree with the linear relations at constant temperatures between the Na contents in final fluid and in tourmaline proposed by [52] (see their Figure 7). This may be related to incomplete attainment of equilibrium conditions in our experiments and/or to the complexity of our chemical systems compared to those studied in [52].



Tourmaline composition varies with changing P–T–X conditions in its host environment e.g., [53]. Our experimental results indicate that initial fluid composition is a crucial parameter in controlling the chemistry of tourmalines, in particular their Fe and Mg contents. According to [54], a variation of the crystallisation temperature of tourmaline could be responsible of schorl–dravite shifting composition. These authors invoke a marked decrease in such a parameter to explain the compositional trend from early dravitic to late schorlitic tourmalines in the San Rafael Sn–Cu lode (SE Peru). In tourmalines from veins and metasomatic bodies within the Mt. Calamita Formation, the compositional evolution of tourmaline from schorl–dravite to dravite compositions observed in zoned crystals and in tourmaline of different generations was interpreted to indicate progressive biotite replacement of the biotite-rich layer [8]. The present results suggest that schorl–dravite compositional variations, beyond being associated with T and/or Fe–Mg changes in the fluid, can also be related to variations in NaCl concentration.



In this view, the evolution of tourmaline toward dravitic composition at Cala Stagnone can be due to an increasing salinity of fluids from which tourmalines crystallised. Fluid inclusion studies on samples from quartz–tourmaline veins at Cala Stagnone [11] disclose the exclusive presence of relatively high-salinity fluids and do not register fluids with low salinity. However, two-phase inclusions in quartz–tourmaline veins are characterised by a rather wide range of salinities (11–29 wt % NaCl equivalent) and complex compositions, showing not only Na as the main cation but also significant amounts of K and Fe in the fluid. This observation agrees with the compositions of fluids recovered in our experiments, in which the NaCl-bearing solution was used as a starting solution (Table 4). Thus, the concomitant increase of salinity (i.e., Cl) and Na/K/Fe relative variations may account for the evolution of tourmaline composition toward dravitic compositions. Moreover, it cannot be ruled out that additional fluid inclusion studies will identify lower salinity fluids that can account for the crystallisation of early tourmaline with more schorlitic composition.




6.3. Implications of Tourmalinisation for the Metallogeny of Eastern Elba Iron Deposits and the Exploration of the Larderello-Travale Geothermal Field


Our experimental results support the epigenetic model for genesis of eastern Elba Fe deposits. Early epigenetic theories [28,29] suggested a direct derivation of Fe and fluids from the Porto Azzurro pluton; however, such Fe origin is unlikely because of the leucogranitic nature (i.e., Fe-poor) of the pluton. Nevertheless, Ref. [30] proposed that Fe (and other elements such as Mg, Mn and K) could have been produced as a consequence of the reaction between biotite-rich xenoliths occurring within the pluton and saline fluids (i.e., connate or metamorphic waters) mobilised after pluton emplacement. In this case, the relatively small amount of xenoliths present in leucogranite is in contrast with the large amount of Fe of Elba Island deposits (>60 million tons of Fe ore extracted from ancient times in the whole of Elba Island [55]). Biotite dissolution with tourmaline formation through Reaction (1) will produce significant Fe mobilisation, as also testified by the elevated Fe contents in solutions resulting from Experiments 6 and 17 coupled with the finding of Fe oxides or amorphous oxyhydroxides in experimental products. Thus, the reaction of B-rich saline fluids of magmatic derivation with the schist of Mt. Calamita Formation, which crop out extensively in the southeastern part of Elba Island (Figure 1), can produce a fluid enriched in Fe and tourmalinisation. The relatively close spatial association between quartz–tourmaline veins and Fe deposits (i.e., Ginevro, Sassi Neri and Calamita) in the Mt. Calamita promontory (Figure 1) supports a direct link between the circulation of B-rich saline fluids and the formation of Fe deposits in this area. Such a reaction might also have supplied the Fe of other iron deposits of eastern Elba: Rio Albano, Rio Marina and Ortano mines (Figure 1). Although the schists of Mt. Calamita Formation do not crop out in the area of these deposits, their presence at a depth below the tectonic complexes hosting the deposits is indicated by geological data (see cross section in Figure 1).



Reaction (1) also produced a significant amount of Mg, which was likely in part enclosed in tourmaline, in particular during the late precipitation of uvite (containing up to 12.08 wt % of MgO) in the quartz–tourmaline veins [8]. Mg can also be transported with iron and could have precipitated in the skarn minerals associated with the iron deposits. Mg-rich minerals, such as pyroxenes and amphiboles, are commonly found, e.g. at Ginevro and Sassi Neri deposits. In particular, early pyroxene and amphibole in these deposits are characterised by salitic and pargasitic composition, respectively [56]. Both deposits are totally enclosed in the schists of Mt. Calamita Formation [57], whereas indications of former carbonate rocks metasomatised during skarn formation, which could have produced Mg and Ca, are not evident. Thus, if Mg (together with Fe) incorporated in skarn silicates was produced by Reaction (1), Ca in the silicates could have been provided by reactions between fluids and plagioclase of the Mt. Calamita schist, similarly to what was indicated by the presence of Ca in the residual fluids and in the tourmaline of the experiments.



The results of this paper also show the important role of Cl as a complexing agent of Fe, thus allowing its transportation in solution. Furthermore, in oxygen-deficient (anoxic) conditions the concentration of Fe in solution can be considerably higher than that measured in more oxidizing conditions [58]; thus, the Fe mobility in solutions circulating in the Mt. Calamita Formation could have been much greater than that envisaged based on these experiments. It must also be noted that other metals besides Fe can be effectively transported as chloride complexes in hot, reducing, relatively acidic and saline solutions [59,60]. For instance, this process could explain the enrichment in Sn and W commonly observed in hematite-rich ores from eastern Elba [61].



Moreover, the B-metasomatic hydrothermal system that formed quartz–tourmaline veins in eastern Elba Island is considered a proxy of the high-temperature system active in the deep portion of the Larderello–Travale geothermal field, where seismic reflectors (bright spots) and an anomalously conductive crust have been detected close to the contact aureoles of Plio–Pleistocene granites [8]. Such a system, imaged by geophysics, would constitute a super-hot reservoir present below the presently exploited Larderello–Travale geothermal reservoirs and constitute a potentially valuable exploration target. Plio–Pleistocene granites under the Larderello–Travale intruded a metamorphic complex similar to that existing in eastern Elba Island [36,62]. Thus, also in the Larderello–Travale the interaction between biotite-bearing rocks and B-rich saline fluids, exsolved from acidic intrusion, caused extensive tourmalinisation, as indicated by the finding of schorl–dravite–ferridravite tourmalines in the deep wells of the Larderello–Travale geothermal field [8,17]. High-temperature tourmaline-bearing assemblages represent a partially exhumed hydrothermal system that has been considered as a fossil analogue of the deeper high-temperature system imaged by geophysics [63]. Fluid inclusion trapping in these assemblages occurred at temperatures up to 650 °C [35]. Thus, the finding of tourmaline-rich rocks during drilling could suggest the approach of the drilling to the super-hot reservoir. Such a reservoir may contain B-rich, saline fluids with a high content of metals (in particular Fe).





7. Conclusions


Experiments show that the formation of tourmaline veins in eastern Elba is compatible with the interaction between a B-bearing fluid (concentration of boric acid ≥1.3 M) with biotite-rich schist from the Mt. Calamita Formation at T = 500–600 °C and P = 100–130 MPa. Tourmaline formation is driven by biotite dissolution; its composition is highly dependent upon the NaCl content of the fluid interacting with the biotite-rich schist. Fe-rich tourmalines (schorl) form if Fe cannot be complexed by Cl in solution, whereas Mg-rich tourmalines (dravite) crystallise if Fe is complexed. Tourmaline crystallisation occurs even if Na is not present in the fluid; in this case, the occurrence of an Na/K exchange between feldspars and fluid allows tourmaline crystallisation and causes the stabilisation of K feldspars.



NaCl concentration in fluid should therefore be an important parameter in controlling the chemistry of tourmaline (e.g., Mg, Fe, Ca, Na contents) found in the Mt. Calamita Formation. Concordantly, Na and Ca occupancies in the X site were considered tracers of fluid composition related to tourmaline crystallisation by [52,64].



Thus, the reaction of B-rich saline fluids of magmatic derivation with the schist of Mt. Calamita Formation, found extensively in the southeastern part of Elba Island (Figure 1), can produce fluid enriched in Fe and tourmalinisation.



An important consequence of the experiments concerns the genesis of Fe deposits found in eastern Elba Island. In fact, high Fe mobilisation resulting from the reaction of saline B-bearing fluids issued from the Porto Azzurro pluton with the biotite-rich schists of Mt. Calamita Formation could have supplied Fe oxides, precipitated from solutions due to a change of physical-chemical (i.e., P-T-oxygen fugacity) conditions.



Similar tourmalinisation processes likely occur within a high-temperature hydrothermal system active in the deepest part of the Larderello–Travale geothermal area. This system represents an important unconventional geothermal resource, and a challenge in the exploration/exploitation of the Larderello–Travale geothermal field.
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