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Abstract Leucogranite and aplite-pegmatite dykes are associ-
ated with the Mt. Capanne pluton (Elba) and partly occur in the
thermally metamorphosed host rock (serpentinites).
Crystallization conditions of these dykes in the late
magmatic-hydrothermal stage are estimated from fluid inclu-
sion studies and mineralogical characterisation, obtained from
detailed microthermometry, Raman spectroscopy, and electron
microprobe analyses. Fluid inclusion assemblages are analysed
in andalusite, quartz, and plagioclase from the leucogranite
dykes, and in tourmaline and quartz from the aplite-
pegmatite dykes. The fluid inclusion assemblages record mul-
tiple pulses of low salinity H,O-rich magmatic and reduced
metamorphic fluid stages. Magmatic fluids are characterized
by the presence of minor amounts of CO, and H;BOs, whereas
the metamorphic fluids contain CH4 and H,. The highly re-
duced conditions are also inferred from the presence of native
arsenic in some fluid inclusions. Several fluid inclusion assem-
blages reveal fluid compositions that must have resulted from
mixing of both fluid sources. In leucogranite dykes, magmatic
andalusite contains a low-density magmatic CO,-rich gas mix-
ture with minor amounts of CH, and H,. Accidentally trapped
crystals (mica) and step-daughters (quartz and diaspore) are
detected in some inclusions in andalusite. The first generation
of inclusions in quartz that crystallized after andalusite contains
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a highly reduced H,O-H, mixture and micas. The second type
of inclusions in quartz from the leucogranite is similar to the
primary inclusion assemblage in tourmaline from the aplite-
pegmatite, and contains up to 4.2 mass% H3;BO;, present as
a sassolite daughter crystal or dissolved ions, in addition to a
CO,-CH,4 gas mixture, with traces of H,, N5, H,S, and C,Hg.
H,O0 is the main component of all these fluids (x=0.91 to 0.96)
with maximally 7 mass% NaCl. Some accidentally trapped
arsenolite and native arsenic are also detected. These fluids
were trapped in the leucogranite at about 670-720 °C and
270-310 MPa, which is determined by combining isochore
reconstruction, limits of the stability field of magmatic andalu-
site, and the water-saturated granite solidus. Trapping conditions
of the aplite-pegmatites are at similar temperatures and slightly
lower pressures, at 230-270 MPa. The third type of fluid inclu-
sion assemblages in quartz in the leucogranite represents a con-
tinuously trapping event down to 200 °C and 50 MPa, whereas
the aplite pegmatite records a distinct trapping event of inclu-
sions in quartz at about 250-300 °C and 50-100 MPa.

Introduction

The Monte Capanne pluton in western Isola d’Elba (Italy) is a
monzogranite belonging to the Neogene-Quartenary Tuscan
Magmatic Province of central Italy (e.g., Innocenti et al. 1992;
Dini et al. 2002 and reference therein). Fluid inclusion studies
from igneous rock and associated metamorphic rock to under-
stand rock-forming conditions in and around the Monte
Capanne complex are rare (Ruggieri and Lattanzi 1992;
Rossetti and Tecce 2008). Analyses of some individual fluid
inclusions from unspecified Elba pegmatites without further
petrographical characterizations were mentioned by
Peretyazhko et al. (2000) and Thomas (2002). The late
magmatic-hydrothermal stage of these intrusive rocks is
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associated with abundant fluid sources, of which the remnants
are present in numerous fluid inclusion assemblages in the
Monte Capanne and Porto Azzuro monzogranite, associated
leucogranite and aplite-pegmatite dykes and sills, and
monzodiorite of the Orano porphyry (Schilli 2015). The pres-
ent study reveals detailed analyses of fluid inclusions assem-
blages in tourmaline and quartz from aplite-pegmatite dykes,
in comparison to assemblages in andalusite, plagioclase and
quartz from leucogranite dykes in a serpentinite host-rock
from the metamorphosed ophiolitic-sedimentary tectonic
Complex IV in contact to the eastern part of the Monte
Capanne pluton (e.g., Benvenuti et al. 2001; Bortolotti et al.
2001). The mineralogy and fluid chemistry of the samples are
used in this study to characterize the nature of the environment
of formation of these igneous bodies.

Geology of sample area

The Monte Capanne pluton is a voluminous monzogranite
that is relatively homogeneous in chemistry and slightly
peraluminous (e.g., Dini et al. 2002). Westerman et al.
(2004a) and Dini et al. (2004) suggested that the pluton was
hybridized from mantle and crustally derived magma, based
on ample geochemical and petrographical data. The age of the
emplacement is about 6.9 Ma (Innocenti et al. 1992; Dini et al.
2002). The pluton was emplaced in the deepest levels of a
stack of nappes of lower Ligurian complexes, i.e., tectonic
Complexes IV (contact-metamorphosed ophiolitic-
sedimentary unit) and V (unmetamorphosed flysch) in west-
e Elba. The conditions of emplacement were inferred from
1. erosion reconstructions, resulting in an approximate depth
of 4.5 km (Westerman et al. 2004b), and 2. metamorphic re-
actions in the thermally metamorphosed host rock, illustrating
an undefined excess to 600 °C at 100200 MPa (Dini et al.
2002). The poorly constrained andalusite-sillimanite transi-
tion (Kerrick 1990), talc/forsterite dehydration to anthophyl-
lite, and the breakdown of muscovite and quartz were used to
characterize emplacement conditions. In the eastern part of the
Monte Capanne pluton most of the rocks in Complex IV are
serpentinites, which are affected by thermal metamorphism of
the intrusion.

The Monte Capanne pluton is associated with numerous
leucogranite dykes and aplite-pegmatite dykes and veins
(e.g., Pezzotta 2000; Dini et al. 2002). They occur mainly in
the pluton and its thermometamorphic aureole close to the
pluton’s contact. The leucogranite dykes have a thickness up
to 10 m and dip steeply towards ESE in the eastern part of the
pluton. The aplite-pegmatite dykes are only 0.1 to 2 m thick,
locally zoned, and crosscutting the leucogranite dykes (e.g.,
Ruggieri and Lattanzi 1992; Pezzotta 2000). The leucogranite
dykes are peraluminous and have the highest SiO, and the
lowest Al,O5 content compared to other igneous rock from
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Elba (Dini et al. 2002), and they are interpreted as a series of
fractionation products from a magma having characteristics
similar to those of the San Piero facies of the Monte
Capanne pluton. Tourmaline bearing aplite-pegmatite dykes
are mainly known for Li-bearing minerals (e.g., Pezzotta
2000), and detailed analyses of mineral compositions such
as foitite-elbaite (e.g., Aurisicchio et al. 1999) and beryl
(e.g., Aurisicchio et al. 2012).

Analytical methods

Microthermometry measurements were carried out with a
LINKAM MDS 600 and LINKAM THMSG 600 heating—
freezing stage. Calibration was done by using synthetic fluid
inclusions with melting of CO, at —56.6 °C (triple point),
melting of water at 0.0 °C (triple point) and the critical ho-
mogenization temperature of water at 374.0 °C. The instru-
ment resolution of both stages is 0.1 °C, and the standard
deviation in each measurement is £0.2 °C in the range of
=50 to +50 °C, and increases towards higher temperatures,
up to £0.5 °C at 400 °C.

The shape of fluid inclusions was described by using the
terminology of Bakker and Diamond (2006) that defines elon-
gation and regularity. The volume fraction of the vapour is set
equal to the area fraction observed in two-dimensional im-
ages, which may introduce a specific uncertainty. Bakker
and Diamond (2006) have illustrated that this uncertainty is
insignificant for regular shaped inclusions, using a spindle
stage. Doppler et al. (2013) compared area fractions of the
vapour phase with calculated fractions from homogenization
temperatures of pure H,O fluid inclusions, and concluded that
the observed area fractions without the use of a spindle stage
can be up to 15 % smaller.

The units and symbols of quantities such as fractions that
are used in this study are strictly according to SI (Bakker
2011). The use of “weight fraction” is omitted because it is
an erroneous label for mass fraction (w). Amount fraction (x)
is used in this study to quantify the ratio of amount of sub-
stances, which is also known as “mole fraction”. A unit name
(mole) should not be confused with a physical quantity.

Raman spectroscopic measurements were used to detect
fluid components, entrapped minerals, and phase assemblage
determination at low temperatures in single inclusions (down
to —180 °C; see also Bakker 2004; Baumgartner and Bakker
2010). Raman spectroscopy was performed with a LABRAM
(ISA Jobin—Yvon) confocal spectrometer using a frequency-
doubled 100-mW Nd-YAG laser with an excitation wave-
length of A=532.068 nm. The laser power at the sample sur-
face is about 1 to 2 mW. An edge-filter (532 nm) was used to
suppress Rayleigh scattering and anti-Stokes scattering,
blocking relative wavenumbers below 80 cm ', All measure-
ments were performed with an LMPlanFI 100x/0.80
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(Olympus) objective lens. Wavenumber measurements have a
precision of 1.62 cm ™' at low Av (Raman shift around
0 cm ') and 1.1 em ™" at high Av (around 3000 cm™"). The
area of specific Raman peaks (intensity x cm ') were used to
calculated gas compositions according to Placzek’s polariz-
ability theory (e.g., Burke 2001).

Electron microprobe analyses of tourmaline, andalusite,
and rutile were completed with the Superprobe JEOL JXA
8200 in the ESML (Eugen F. Stumpfl Microprobe
Laboratory) of the Montanuniversitaet Leoben. The elements
B, F, Na, Mg, Al, Si, K, Ca, Ti, Mn, and Fe were analysed in
tourmaline with 20 keV and 10 nA, using counting times as
short as 10 and 20 s for background and peak, respectively.
The elements Al, Si, Fe, Mg, Mn, Ti, Na, Ca, and K were
analysed in andalusite, whereas the elements Ti, Al, Fe, Mn,
Cr, Sn, W, Nb, Ta, and Zr were analysed in rutile. Details on
detection limits, standards, and analyzing crystals are given in
Schilli (2015).

The software package FLUIDS (Bakker 2003) and
CLATHRATES (Bakker 1997), and newly developed pro-
grams (http:/fluids.unileoben.ac.at) were used to calculate
fluid properties of fluid inclusions from microthermometry,
Raman spectroscopy (gas mixtures) and optical properties.
Program ICE from the package CLATHRATES (Bakker
1997) was used to calculate bulk fluid properties from
T(ice), Tin(clathrate), gas-mixture composition, and vapour
volume fraction estimations. In absence of exact knowledge of
Tn(clathrate) but with indications of its similarity to 7,,(ice),
the program /CE was used to estimate bulk fluid properties at
0, clathrate dissolution conditions (see Bakker et al. 1996;
Bakker 1998). Within this program, the properties of low-
density gas mixtures are calculated with the equation of state
from Peng and Robinson (1976), and the aqueous liquid so-
lution is approximately characterized with Duan et al. (1992).
Furthermore, the osmotic coefficient (Pitzer 1991) of dis-
solved ions is used to calculate the activity of H,O in the
aqueous solution, and to calculate the salinity in terms of
NaCl concentrations. Homogenization temperatures and
isochores of pure HO and mixed H,O-NaCl fluid systems
were analysed with the program Loner HGK (equation of
state Haar et al. 1984), and with the program A¢gSo DH
(equation of state Driesner and Heinrich 2007; Driesner
2007), respectively. These fluid systems can be used as an
approximation of natural fluid inclusions that contain less than
5 amount % of gases and salts. The programs Loner AP
(equation of state Anderko and Pitzer 1993; Duan et al.
1995, 2003) and Loner B (Bakker 1999) were mainly used
to calculate isochores in complex H,O-CO,-CH4-NaCl fluid
systems. These equations of state do not provide accurate
estimations of bulk fluid densities from measured homogeni-
zation temperatures in the present study. The accuracy of
isochore estimates is obtained from comparison of the pure
end-member fluids with modified Helmholtz equations of

state (e.g., Haar et al. 1984 for pure H,O). The program
AgSo WHS (Bakker 2012) was used to calculate equivalent
mass fractions of NaCl in binary H,O-NaCl systems.

Location and mineralogy of samples

Samples from two dykes (67E and 85A) were collected in
serpentinites close to the contact with the Monte Capanne
pluton near San Piero in Campo and Sant’Ilario. Sample
67E was collected along the hiking trail between Grotta
d’Oggi and San Piero in Campo (N 42°45'15.4", E 010°12’
58.6). This cordierite-bearing leucogranite dyke has an orien-
tation of 070/70. Sample 85A is from a 50 cm thick
tourmaline-bearing aplite-pegmatite dyke along the hiking
trail from La Pila to C. Mastaglino (N 42°46'04.2", E
010°13'25.9"). Abundant secondary nodular magnesite aggre-
gates were observed in the neighbouring serpentinites.

Locally, sample 67E has pinkish colours due to abundant
presence of andalusite, and several greenish spots (cordierite),
in addition to the main components quartz and plagioclase
(mainly albite-rich). Despite the strong peraluminous charac-
ter of the leucogranite dykes, andalusite has only been
regarded as an insignificant accessory in previous studies
(e.g., Pezzotta 2000). The andalusite is zoned with a pink core,
due to relative enrichment of Fe (up to 2.7 mass% FeO, see
Electronic Appendix A) and colourless rims. The cordierite is
partly altered (pinitization), and contains yellow pleochroic
halos. The accessory minerals rutile, xenotime, apatite, mon-
azite, and zircon with grain sizes between 1 and 10 um have
been mainly detected by Raman spectroscopy. Xenotime and
rutile have not been reported in previous studies of
leucogranite dykes. The rutile is extremely enriched in Fe,
Nb, Sn, and Ta, up to 11.5, 7.0, 4.3, and 3.9 mass% of the
oxides, respectively (see Electronic Appendix B).

Sample 85A is coarse grained, mainly composed of quartz,
plagioclase (albite-rich) and tourmaline crystals up to 5 cm in
length. The tourmaline is strongly zoned with a bluish-green
core and darker brownish-green rim. The core is a foitic tour-
maline, whereas the rims are schorlitic tourmalines (see
Electronic Appendix C), with abundant vacancies in the X-
position for both core and rim (X-site vacancy tourmaline,
classification of Hawthorne and Henry 1999; Clark 2007).
The rims are relatively enriched in FeO, TiO, and Na,O,
whereas they are depleted in Al,O5 at the Y-position.
Compared to tourmaline analyses in similar rocks described
by Aurisicchio et al. (1999), our results illustrate enrichment
in Na,O, CaO, TiO, and MgO, and depletion in MnO and
FeO, which may be caused by the compositional variation in
well-defined growth-zones in tourmaline, or by strong inter-
action of the intrusive aplite-pegmatite dykes with host-rock
(serpentinites) during tourmaline growth.
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Fig. 1 Photomicrographs of fluid inclusions in andalusite from sample
67E. a. large irregular inclusion (60 um length) with mica (paragonite-
muscovite) and a bright diaspore crystal in the centre. The dark interspace
contains a CO,-rich gas mixture with minor amounts of CHy, N,, and Hy;

Fluid inclusions in leucogranite dyke

Abundant fluid inclusions in various assemblages are ob-
served in andalusite, plagioclase (albite-rich), and quartz from
the leucogranite dyke (sample 67E).

Andalusite

Andalusite contains highly irregular-shaped inclusions that
have entrapped a gas-mixture and a variety of solid phases
(Fig. 1). The size of the inclusions varies between 1 and
50 pum in length. The gas phase (Fig. 2, Table 1) is a mixture
of CO, (x=0.941 to 0.983) with minor amounts of CHy,
(x=0.001 to 0.026), H, (x=0.000 to 0.017) and N,
(x=0.013 to 0.034) with a relative high molar volume, which
can be deduced from the relative high wavenumbers of indi-
vidual gases. Microthermometry could not be used for the
analyses of these inclusions. Most inclusions contain mica
crystals, which are identified as paragonite or muscovite by
Raman spectrometry. Diaspore and quartz were detected in
some inclusions. The solid phases are not present in all inclu-
sions, and are probably partly accidentally trapped and partly
reaction products between originally entrapped aqueous fluid

Fig. 2 The ternary CO,-CH4-H,
fluid system with vapour phase
compositions in various fluid
inclusion assemblages from
sample 67E (leucogranite) and
85A (aplite-pegmatite)
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b. equant inclusion (+15 pm length) with about 50 vol.% mica and a
CO,-rich gas mixture; c. elongated dark gas-rich inclusion (25 um length)
without entrapped minerals

and andalusite host. At present, none of the inclusions contain
H,0, and it is assumed that part of the mica, diaspore and
quartz are most probably reaction products of the reactants
H,O0, as subordinate and completely consumed, and andalu-
site, in excess (e.g., Hemley et al. 1980).

Plagioclase (albite-rich)

Fluid inclusions are highly irregular, either three-dimensional
(Fig. 3a) or flat (Fig. 3b). The maximum size of these inclu-
sions is about 20 pm in length. Most inclusions reveal a liquid
and a vapour phase, whereas in flat inclusions the vapour
bubble is usually deformed (i.e., departure from spherical
shape) by the limited space, and divided in multiple irregular
rounded vapour bubbles. The irregular shape of inclusion
walls is often defined by various distinct crystallographical
planes (Fig. 3a). The bubbles occupy about 20-25 vol. % of
the inclusions. The liquid phase is a nearly pure H,O so-
lution, and the vapour phase is a gas mixture of CH4 and
H, in variable relative amounts. The application of Raman
spectroscopy is less useful for these inclusions due to
their high fluorescence. Solid phases were not detected
in these inclusions.
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Table 1  Composition of vapour phase of inclusions in andalusite (sample 67E), based on Raman spectroscopy (area Raman peaks)

Area Raman Peaks Composition (amount fraction)

CO, CO, CH4 H, N, CO, CH, H, N,*

1287 em™! 1390 em™ 2918 cm™! 4156 cm™! 2330 em™!
fil 24,621 36,415 2952 1868 1644 0.941 0.008 0.017 0.034
fi2 37,085 58,857 2595 990 1198 0.973 0.005 0.006 0.016
fi4 30,446 45,108 5927 366 733 0.971 0.014 0.003 0.013
fi7 36,717 58,711 722 - 1149 0.983 0.001 - 0.016
fi8 23,063 35,254 3485 345 1443 0.955 0.010 0.003 0.032
fi9 29,385 46,492 1197 427 754 0.981 0.003 0.003 0.013
fil0 19,354 29,107 7303 225 785 0.951 0.026 0.003 0.021

*=corrected for atmospheric N,

Quartz: inclusion type 1

Dens clouds of small sized objects in the centre of quartz
crystals were identified as fluid inclusion assemblages. The
shape of the outline of these clouds mimics a perfect quartz
crystal (Fig. 4a). The individual inclusions are about 1 to 2 pm
in diameter, and have a regular equant shape. Most inclusions
contain a mica crystal through the centre (Fig. 4b, ¢). Raman
spectroscopy reveals the presence of H,O and H, within the
inclusions.

Quartz: inclusion type 2

Inclusions are relative large, 5 to 15 wm in diameter and have a
regular and equant shape (Fig. 4d, e). The inclusions are ran-
domly distributed in the quartz crystals. The inclusions con-
tain a liquid and vapour phase, and locally a small solid phase,
which is identified as mica by Raman spectroscopy. This
phase is interpreted as an accidentally trapped solid due to
its limited occurrence. The volume fraction of vapour is about
0.40+0.04 (Electronic Appendix D) and mainly contains CH,4
(x**=0.081 to 0.904) and CO, (x***=0.207 to 0.900) with

Fig. 3 Photomicrographs of fluid
inclusions in plagioclase from
sample 67E. a. irregular shaped
inclusion with a single spherical
vapour phase of a CHg-H,
mixture. b. highly irregular
shaped inclusion with multiple
vapour phases that are squeezed
between irregular inclusion walls

minor amounts of H, (x"*?=0.006 to 0.125) and N,
(x"*=0.008 to 0.035) (Fig. 2). Locally, H,S and C,H¢ were
detected in only a few inclusions. Raman spectroscopy also
illustrates the presence of other C-H vibrations with peaks at
3013 cm ' and 3065 cm ' relative wavenumbers. Traces of
H,S (2584 cm ™ ") were only detected by prolonging the detec-
tion time with Raman spectroscopy in only a few inclusions.
The liquid phase is a H,O-rich solution with some minor
amounts of dissolved sassolite (H;BO3;, Raman peak at
875 cm ') and NaCl. The dissolved NaCl was detected by
the formation of hydrohalite at lower temperatures, upon
freezing the inclusions according to the method of Bakker
(2004) and Baumgartner and Bakker (2010). Raman peaks
of hydrohalite were detected at 3405 cm ', 3422 cm ',
3437 cm ' and 3543 cm ' at -180 °C.

Freezing experiments reveal two nucleation temperatures
around -30 °C and -40 °C (Electronic Appendix D) that most
probably corresponds to the crystallization of ice and
clathrate. During subsequently heating experiments the
dissolution of hydrohalite was detected at about -25 °C
with Raman spectroscopy. This temperature may corre-
spond to the eutectic temperature of the entrapped fluid

@ Springer
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Fig. 4 Photomicrographs of fluid inclusions in quartz from sample 67E.
a. cloud of an assemblage of Tjpe [ fluid inclusions in the centre of a
quartz crystal; b. and ¢. small regular and equant inclusions of Type I with
a mica crystal through the centre, the dark parts of the inclusion contain a
mixture of H,O and H; d. Type 2 fluid inclusion of about 20 um diameter
with a relative large vapour phase and an accidentally trapped mica,
adjacent to a Type 3 inclusion (lower right corner) which is located in a
trail; e. Type 2 fluid inclusion; f. irregular shaped 7ype 3 fluid inclusions
with traces of necking processes; g. elongated irregular shaped Type 3
fluid inclusion

@ Springer

system. The final dissolution of ice occurs at variable
temperatures between -7.6 and -2.2 °C (Fig. 5a, b), and
clathrate (gas hydrate) completely dissolves at higher tem-
peratures between +6 and+ 12 °C. Homogenization of
liquid and vapour phase occurs in a narrow temperature
range at 370-380 °C (mode in Fig. 5a, c) in the liquid
phase, illustrating homogenous trapping conditions for
Type 2 fluid inclusion assemblages.
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Fig. 5 Homogenization temperatures (LV — L) and ice dissolution
temperatures of Type 2 (LS;ccSc1aV — LS¢1.V) and Type 3
(LSiceSc1aV — LV) fluid inclusion assemblages in quartz from sample
67E. a. correlation between homogenization and dissolution
temperatures; b. histogram ice dissolution temperatures; ¢. histogram
homogenization temperatures
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Quartz: inclusion type 3

The inclusions occur in trails and have irregular elongated
shapes (Fig. 4f, g). The inclusions contain a liquid and vapour
phase with a highly variable volume fraction between 0.05
and 0.31, with a mean value of 0.16 (Electronic
Appendix E). Locally an opaque mineral was identified as
anatase with Raman spectroscopy. The result of necking pro-
cesses after nucleation of the vapour phase within individual
inclusions during geological cooling processes is illustrated
by inclusions with a large vapour volume fraction adjacent
to inclusions with small volume fractions or all-liquid inclu-
sions (Fig. 6). Also narrow channels between irregular shaped
inclusions that separate a vapour-rich part from a part with
only a liquid phase may illustrate an incomplete necking pro-
cess (Fig. 41).

The vapour phase consists of a gas mixture of CH, and H,
(Electronic Appendix E, Fig. 2), and the liquid phase is nearly
pure H,O with minor amounts of NaCl, which cannot be de-
tected by cryo-Raman spectroscopy, but can be inferred from
melting-point depression of ice. These fluid properties are
similar to the above mentioned fluids in plagioclase.
Freezing the inclusions result in ice nucleation between -40
to -28 °C. The final dissolution of ice occurs at an average
value of -0.6 °C (sd. 0.5, mode at —0.2 °C, see Fig. 5a, b),
which illustrates a homogeneous and low salinity. Clathrate
dissolution temperatures are difficult to detect optically and
appear to nearly coincide with ice dissolution temperatures,
according to cryo-Raman spectroscopic monitoring. The total
homogenization temperature is highly variable, between 130
and 320 °C, with amode at 180 °C (Fig. 5a, ¢). This variability
may reflect a gradual evolution of trapping conditions of a
specific fluid system, in addition to necking processes.

10 ym

NS

Fig. 6 Photomicrographs of Type 3 fluid inclusions in quartz from
sample 67E, with variable volume fractions of the vapour phase as a
result of necking processes after phase separation

Fluid inclusions in aplite-pegmatite dyke

Abundant fluid inclusions in various assemblages are ob-
served in tourmaline and quartz from the aplite-pegmatite
dyke (sample 85A).

Tourmaline

The tourmaline contains exceptional large fluid inclusions (up
to 40 um in length), which have equant shapes, either regular
or irregular (Fig. 7a, b), in great contrast to the narrow and
extremely elongated tube-like inclusions described in
miarolitic cavities by Ruggieri and Lattanzi (1992, c.f.
Fig. 5f therein). Flat inclusions have a regular shape, whereas
three-dimensional equant inclusions are irregular. Both types
contain similar fluids. The inclusions occur mainly in the core
of tourmaline crystals with a foitic composition. The inclu-
sions contain a liquid and vapour phase of about 41 vol. %
(average value Electronic Appendix F), and locally a sassolite
crystal (H;BO5, Raman peaks at 880 and 500 cm ', see Janda
and Heller 1979) at room temperature. Sassolite is metastable
absent in numerous fluid inclusions at room temperature, and
can be nucleated with laser irradiation (532.068 nm, 1-2 mW)
from the Raman spectrometer (Fig. 7c, d). Some inclusions
contain a small arsenolite crystal (As;Oq, Raman peaks at
268, 369 and 559 cm ') or arsenic crystal (Raman peak
at 253 cm ). The vapour phase consist of a low-density
gas mixture of mainly CO, and CH4 and locally traces of
H,S, N, and H, (Fig. 2, Table 2), which can only be
detected by Raman spectroscopy in inclusions that are
located close to the surface of the sample. The properties
of individual fluid inclusions are given in the Electronic
Appendix F.

Freezing experiments results in the nucleation of ice and
clathrate in fluid inclusions. Final ice dissolution temperatures
are at a mode of -7.0 °C and may reach temperatures as high as
0.0 °C in some inclusions (Fig. 8a, b). Clathrate dissolution can
only be detected by cryo-Raman spectroscopy, and occurs at
similar temperatures, which correspond to approximately Q;
conditions (Bakker et al. 1996). Sassolite dissolution occurs in
the range of +8.6 to +25.7 °C. Total homogenization of liquid
and vapour phases occurs at a mode of 380 °C in the liquid
phase (Fig. 8a, c) in a relative narrow temperature range.

Close examination of these results reveals the possibility to
subdivide these fluid inclusions into two groups (Fig. 8, Table
2): 1. inclusions that contain a sassolite crystal, or inclusions
that nucleate a sassolite crystal upon laser irradiation (Group
D in Table 2); 2. inclusions that do not contain sassolite
(Group A in Table 2). The Raman signal of the vapour phase
in the first group (D) is extremely weak, and reveals a variable
CO, amount fraction between 0.78 and 0.98. In some
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Fig. 7 Photomicrographs of fluid
inclusions in tourmaline from
sample 85A. a. relative flat
regular shaped inclusion; b.
irregular fluid inclusion with a
spherical vapour phase
illustrating its equant shape; c.
and d. regular shaped inclusion
before and after laser irradiation,
respectively, that causes the
nucleation of a sassolite crystal at
the liquid-vapour boundary

inclusions traces of N, were detected. The low intensity of the
Raman signal results in significant uncertainties in composi-
tion calculations. The homogenization temperatures are slight-
ly higher than the other group, whereas the dissolution tem-
peratures of ice are slightly lower (Fig. 8a, b). Inclusions from
the other group (4) have a much stronger Raman signal of the
vapour phase, which is highly enriched in CO,, and contain
locally H,S up to x"*=0.02. In addition to these groups, some
inclusions reveal higher fractions of CH, (up to x"*=0.67)
and N, (up to x**®=0.15), Group B and Group C in Table 2.
Group C is related to Group D because the aqueous liquid
solution contains minor amounts of dissolved sassolite, and
the vapour phase has a relative strong Raman signal. Group B
is related to Group A because sassolite is absent, and some
inclusions contain H, up to x**=0.03.

Quartz

The quartz contains abundant fluid inclusions, which are ho-
mogeneously distributed within single grains (Fig. 9a). The
inclusion shape is highly variable, from regular and equant
(Fig. 9b, c) to irregular and elongated (Fig. 9d). The inclusion
size may vary from 1 um up to 40 um in length. The inclu-
sions contain a liquid phase and a vapour phase of 0.183
volume fraction (s.d. 0.014, Electronic Appendix G), with
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locally accidentally trapped mica. The liquid phase is a H,O-
rich solution with traces of dissolved sassolite, mainly detect-
able as a weak Raman peak at about 880 cm . The vapour
phase is a low-density gas mixture of CO, (Fig. 2) and minor
amounts of CHy (up to x**=0.22). The low intensity of the
Raman signal results in significant uncertainties in these com-
position calculations. Microthermometry illustrates a homo-
geneous fluid inclusion assemblage (Fig. 10). Upon freezing
of'the inclusions, only ice can be nucleated, which completely
dissolves at about -2.8 °C (mode value in Fig. 10a, b).
Clathrates and salt-hydrates were not observed at low temper-
atures. Total homogenization occurs in to the liquid phase at a
mode of 240 °C, within a range of 200 to 290 °C (Fig. 10a, c).
A complete list with the measured properties of individual
fluid inclusions in quartz is given in the Electronic
Appendix G.

Discussion
Calculation of fluid properties leucogranite dyke
The bulk fluid properties of Type 2 fluid inclusions in quartz

from sample 67E can be calculated with the program ICE
(Table 3). These calculations are based on knowledge of ice
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Table 2 Calculated composition
of vapour phase from Raman Sample 85A tourmaline Composition vapour phase Solid Int.
peak analyses of fluid inclusions
in tourmaline (Sample 85A). solid x(COy) x(CHy) x(H,S) x(N2) x(Hy)
illustrates Raman-detected solid
phases within individual inclu- Group A 1140 0.997 0.003 - - - - s
sions (sas = sassolite). aq. is dis- fi41 0.996 0.004 _ _ _ _ s
§olveq in HyO. int. is the relative fiu 0.996 0.004 _ -~ _ _ s
intensity of the Raman spectra of
gas mixtures: s =strong; fis 0.995 0.005 - - - - §
w =weak fit 0.992 0.008 trace - - - s
fiq 0.970 0.008 0.022 - - -
fir 0.954 0.025 0.021 - - - s
fiw 0.944 0.056 - - - - s
fim 0.867 0.133 trace trace - -
Group B fie 0.956 0.044 - trace - arsenic w
fif 0.826 0.145 - - 0.029 - s
fiy 0.816 0.109 - 0.075 - -
fi0 0.714 0.286 - - - - s
fik 0.125 0.672 - 0.203 - - s
Group C fil 0.989 0.011 - - - sas(aq) s
fii 0.944 0.022 - 0.035 - sas(aq) S
fin 0.561 0.265 0.021 0.153 - sas(aq) S
Group D fic 0.985 0.015 - trace - sas w
fid 0.981 0.019 - trace - sas w
fi30 0.980 0.020 - - - sas w
fib 0.959 0.041 - - - sas w
fi27 0.927 0.073 - - - sas w
fi4 0.893 0.107 - - - sas w
fiv 0.843 0.157 - - - sas w
fia 0.826 0.174 - - - sas w
fi2 0.777 0.223 - - - sas w

and clathrate dissolution temperatures and volume fractions of
the vapour phase. Furthermore, the minor amounts of N, and
H, are combined due to similarities in gas properties, and the
minor amount of dissolved sassolite is neglected. The inclu-
sions are highly enriched in H,O (x=0.911 to 0.958).
Sassolite can only account for —0.7° of dissolution point de-
pression of ice (e.g., Peretyazhko et al. 2000). Therefore, dis-
solution point depression is assumed to result mainly from the
presence of dissolved NaCl. The CO, amount fraction varies
between 0.029 and 0.068. The inclusions that are relatively
enriched in CH4 (x=0.015 to 0.033) reveal the highest H,O
content. N, and H, only occur in very low concentrations
(x=0.001 to 0.003). The salinity is relatively low, varying
between 2.83 and 7.02 eq. mass% NaCl. The molar volume
of the vapour phase is precisely defined at the clathrate disso-
lution temperature whereas the bulk molar volume is highly
dependent on the estimation of volume fraction of the vapour
phase at room temperatures. The small spread in homogeni-
zation temperature of Type 2 fluid inclusions in sample 67E
suggests only minor difference in bulk densities and, there-
fore, similar volume fractions. Fluid inclusions with a vapour

area fraction of 0.43 to 0.44 are assumed to represent accurate
estimates of true volume fractions (c.f. average value 0.40, see
Electronic Appendix D), therefore, the bulk molar volume of
these inclusions may only vary between 30.43 and
31.70 cm® -mol !, i.e., 0.619 to 0.649 g-cm .

The Type 3 fluid inclusions in quartz from sample 67E
contain a low density CH4-H,-rich gas mixture in the vapour
phase. The existence of H; in clathrates has only been recently
discovered (e.g., Struzhkin et al. 2007), and is not yet included
in mixed-gas clathrate stability models. H, clathrate is stable
at pressures exceeding 100 MPa, therefore, only CH, is taken
into account in the present study to calculate Q; dissolution
conditions (program ICE) of fluid inclusions (Table 4). The
fluid inclusions are extremely enriched in H,O (x=0.990 to
0.996), with only minor amounts of gas components CH,4 and
H, (x=0.004 to 0.009), whereas the salinity can be neglected
(Table 4). The molar volume of the gas mixture in the vapour
phase is 80545 cm®-mol . The variability in homogeniza-
tion temperatures illustrates a highly variable bulk density.
Approximate bulk densities (or bulk molar volumes) can also
be calculated from homogenization temperatures assuming a
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Fig. 8 Homogenization temperatures (LV — L) and ice dissolution
temperatures (LS;ceSciaSsasV — LSeasV or LS;.S¢1.V — LV) of fluid
inclusion assemblages in tourmaline from sample 85A. a. correlation

between homogenization and dissolution temperatures; b. histogram ice
dissolution temperatures; C. histogram homogenization temperatures

pure H,O fluid (with Loner HGK), neglecting the small
amounts of gas and salt in the system. These numbers are
per definition slightly higher than values calculated with the
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program /CE due to the effect of adding small amounts of gas
and salt to H>O-rich solutions. Adding 1 amount % of CH,4 to
a hypothetical pure H,O system results in a molar volume
decrease of 2 % at a specific constant 7}, value (modelled
with program Loner 9, Bakker 2003). Adding 1 amount %
of NaCl results in a molar volume decrease of 1 % (modelled
with program A¢So DH). Furthermore, the uncertainty in va-
pour volume fraction estimations as describe in the previous
paragraph must be taken into account, but is supposed to be
much smaller due to the relative small fraction of the vapour
phase. The fluid inclusions fi14, fil5, fi16, fi58 and fi62 (Table
4) may reflect the majority of 7ype 3 inclusions (c.f. mode
value and spread in Fig. 5¢), corresponding to a molar volume
variation between 20.01 and 22.75 c¢m®-mol ' (0.793 to
0.901 g-cm ™).

Calculation of fluid properties aplite-pegmatite dyke

Concentrations of H;BOj5 in natural and synthetic inclusions
can be estimated with Raman spectroscopy (e.g., Thomas
2002; Sirbescu et al. 2013), and microthermometry (e.g.,
Peretyazhko et al. 2000) using purely empirical models.
Data obtained by microthermometry can also be thermody-
namically analysed with a mixed-solvent electrolyte model
that is combining the Pitzer-Debye-Hiickel model of osmotic
coefficients, UNIQUAC equations and the Helgeson-
Kirkham-Flowers equation of state (see details in Wang et
al. 2013). Analytical limitations and uncertainties of both
Raman spectra analyses and microthermometry cannot be
specified due to multiple types of dissolved ions in H,O that
result in the same variability of measured parameters (i.c.,
wavenumber intensity and temperatures). For example, the
dissolution temperature of ice lower than 0 °C can be caused
by a large variety of ions, therefore, 7}, (ice) cannot be used
directly to identify the type of dissolved ions. However, the
nucleation of salt-hydrates at low temperatures that are detect-
ed by Raman spectroscopy can be used to identify the major
dissolved components (e.g., Bakker 2004; Baumgartner and
Bakker 2010). Therefore, the use of equivalent concentrations
(usually of NaCl) is a well-accepted limitation in fluid inclu-
sion research.

Ice and sassolite dissolution temperatures have been mea-
sured in single inclusions in the present study in tourmaline
(Electronic Appendix F), and can be directly used to calculate
H3;BOs concentration and equivalent NaCl concentrations in
the ternary H,O-NaCl-H;BOj3 system. The presence of boric
acids (sassolite) in fluid and melt inclusions has been reviewed
by Peretyazhko et al. (2000, and reference therein). They col-
lected data of the ternary H,O-NaCl-H;BOj; system and pre-
sented a solubility diagram (i.e., liquidus) that can be used to
determine the composition from dissolution temperatures at
cotectic conditions and final dissolution in the ice-field,
hydrohalite-field and partly in the sassolite-field and halite-
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Fig. 9 Photomicrographs of fluid
inclusions in quartz from sample
85A. a. overview of the
distribution of abundant fluid
inclusions in quartz; b. regular
and slightly elongated fluid
inclusions (+7 pum length) with a
vapour and liquid phase. c.
regular equant fluid inclusions
(+10 um diameter). d. irregular
elongated inclusion (30 pm
length)

field (Fig. 11). We have used these data to construct a new
ternary diagram (in mass%) to estimate graphically the com-
position of the aqueous liquid solution of fluid inclusions in
tourmaline (Table 5). Isotherms and cotectic lines within these
fields are newly defined by purely empirical equations to be
able to interpolate the microthermometrical results (Electronic
Appendix H). The average composition and standard devia-
tion in mass fractions illustrated in Table 5 is 0.859+0.011 for
H,0, 0.099+0.011 for NaCl, and 0.042+0.007 for H;BOs.
The bulk composition and molar volume of fluid inclusions
in tourmaline are obtained by adding the properties of vapour
and liquid phase, using their volume fraction estimations. The
composition of the vapour phase is estimated by analyses of
Raman spectra, and the density is obtained by knowledge
about clathrate dissolution temperatures, which was only
seldomly observed but similar to 7j,(ice). The program ICE
can only be used to calculate bulk fluid properties at O con-
ditions with specific simplifications of the chemical system in
these inclusions: 1. the gas-mixture contains only CO, and
CHy; 2. the Ty, (ice) depression is only caused by the presence
of gases and NaCl (equivalent salinity); and 3. the volume
fraction of the vapour phase is equal to the area fraction in
projected images. The inclusions fi27 and fi30 (Table 2,
Electronic Appendix F) have been selected to illustrate calcu-
lated bulk fluid properties. At Q; clathrate dissolution condi-
tions, the vapour phase has a molar volume of 2280 to
2325 c¢cm?®-mol ' (0.0184 to 0.0187 g-cm °). The bulk
amount fractions of H,O, CO,, CH, and NaCl are 0.9582,
0.0159-0.0174, 0.0001-0.0004, and 0.0243-0.0255, respec-
tively. The bulk molar volume varies between 29.06 and
31.03 cm’-mol ' (0.612 to 0.653 g-cm ). This calculation
procedure can be used for inclusions with and without
sassolite daughter crystals. The bulk composition with equiv-
alent amounts of NaCl can be modified according to the

presence of sassolite. Comparison of Table 5 with values cal-
culated in the binary H,O-NaCl equivalent system using only
Ti(ice), illustrates that the amount of H,O and NaCl are a
factor 0.9876 and 0.9550 smaller, respectively, whereas
H3BOs is about 29 % of the total amount of dissolved ions
in H,O. The final bulk composition is, therefore,
x(H,0)=0.9463; x(CO,)=0.0159 to 0.0174;
x(CH4)=0.0001 to 0.0004; x(NaCl)=0.0232 to 0.0244;
x(H3;B0O3)=0.0095 to 0.0099.

Raman spectroscopy has been proposed to be the best
method to estimate H;BO; concentrations in aqueous liquid
solution in fluid and melt inclusions (e.g., Thomas 2002;
Sirbescu et al. 2013). In principle, Raman spectroscopy is
not designed to detect amount fractions, but trends in the shift
and shape of specific vibrational bands can be used for purely
empirical modelling of concentrations (e.g., Burke 2001).
However, quantification of concentrations in fluid phases with
Raman spectroscopy always results in poorly defined uncer-
tainties because spectra have to be compared to standard spec-
tra, which are highly variable for fluid inclusions due to host
mineral properties, size-shape-depth properties of inclusions,
and specific instrument factors (e.g., Baumgartner and Bakker
2009; Sirbescu et al. 2013). The use of intensity of specific
wavenumbers of individual fluid components (e.g., H,O) has
been a popular method to estimate concentration (e.g.,
Mernagh and Wilde 1989; Thomas 2002), however the spec-
trum of H,O is a broad band between 2900 and 3800 cm ™!
relative wavenumbers, and the selected wavenumber is
completely arbitrarily and does not represent or coincide with
fundamental parameters that define the shape of a H,O-spec-
trum. Moreover, the H,O spectrum is influenced by all dis-
solved species, and the effect of individual ions cannot be
deduced from one spectrum. Similar arguments were original-
ly used against the method of microthermometry, and were the
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justification for the new approach using Raman spectroscopy.
However, the uncertainties of temperature measurements are
much better defined than the above-mentioned Raman analy-
ses, and the properties of fluid phase diagrams of multi-
component systems can be modelled according to fundamen-
tal thermodynamic principles (Wang et al. 2013).

Properties of fluid inclusions in quartz from sample 85A
can be modelled according to the same method as described
for inclusions in tourmaline. However, the absence of
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clathrates and salt hydrates due to low concentrations of gases
and salts reduces calculation procedures with the program /CE
to limiting conditions. Calculations can only be performed by
assuming O, dissolution conditions where both ice and clath-
rate dissolve at the same temperature. These conditions define
minimum molar volumes of the gas-mixture in the vapour
phase and maximum concentrations of gases and salts in the
bulk fluid inclusion. The results of selected fluid inclusions
from Electronic Appendix G are illustrated in Table 6. The
average composition in amount fractions is 0.9773+0.0026
for H,0, 0.0145+0.0006 for CO,, 0.0002+0.0001 for CHy,
and 0.0080+0.0026 for NaCl, with a molar volume of 22.55
+0.63 cm’ - mol . Furthermore, the inclusions contain minor
amounts of H;BO3, which are extremely low and cannot be
specified with microthermometry or Raman spectroscopy.

The total homogenization temperatures have not been used
in the above mentioned calculation procedures with the pro-
gram /CE. This temperature is mainly defining the bulk molar
volume of each fluid inclusion. fi2/ from Qtz/ (Table 6) is
used to illustrate that a pure H,O fluid systems is a good
approximation of the bulk fluid properties. The 7}, of
245.1 °C in the liquid phase (see data in Electronic
Appendix G) corresponds to 22.34 cm®-mol ™' for a pure
H,0 fluid (program Loner HGK). This temperature corre-
sponds to slightly lower V,, (21.90 cm®-mol™') if small
amounts of NaCl are taken into account (program AgSo
DH). In contrast, slightly higher V,, values are obtained if
small amounts of gases are taken into account. This relative
change in 7,-V,, paired values can be modelled with the pro-
gram Loner B. Therefore, the presence of minor amounts of
both CO, and NaCl does not effect molar volume calculations
from T7;, according to a pure H,O fluid system, which greatly
simplifies isochore calculations.

The effect of B, Li, and F on microthermometrical
properties and isochore calculations

The effect of adding small amounts of NaCl to pure water
solutions has been well documented (e.g., Driesner 2007;
Driesner and Heinrich 2007, and reference therein) and in-
clude, for example, freezing point depression of water, adjust-
ment of isochores, and the development of a large liquid-
vapour immiscibility field at higher temperatures and pres-
sures. B, Li, and F may also affect these properties of water-
rich solutions in a similar way.

The modification of dissolution temperatures of ice in ter-
nary H,O-NaCl-H3;BOj; solution is modelled in the preceding
paragraph, according the data presented by Peretyazhko et al.
(2000). The modification of the slope of pure H,O isochores
by adding H;BO; and NaF was illustrated by Peretyazhko and
Zagorsky (2002) and Peretyazhko (2009), respectively. The
presence of H;BOj; in solution raises the critical point of the
H,O-rich solution, but also changes the slope of isochores, a
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Table 3  Calculated properties of vapour phase (composition and molar volume) and bulk fluid properties of Type 2 inclusions in quartz from sample

67E. gas* is the sum of the amount of H, and N,

composition vapour (Raman) Vi (vap)  Bulk properties (program ICE)
cm?/mol

x(CO,)  x(CHy) x(Hpy) x(Ny) x(H0) x(CO,) x(CHy)  x(gas*) x(NaCl) V. cm®/mol  mass% NaCl
fil 0.900 0.081 0.006  0.013  456.8 0.927 0.051 0.003 0.001 0.019 31.15 6.12
fi3 0.806 0.144 0.028 0.021 - - - - - - - -
fi4 0.815 0.117 0.050 0.018 3708 0.924 0.053 0.004 0.002 0.016 30.43 5.40
fi5 0.474 0.495 0.006  0.025 316.6 0.934 0.029 0.015 0.001 0.022 26.60 7.02
fi6 0.670 0.280 0.038 0.012 - - - - - - - -
fi7 0.694 0.276 0.015 0.016 3387 0.922 0.050 0.012 0.001 0.015 31.70 4.87
fi8 0.817 0.156 0.015 0.012 4275 0.929 0.048 0.005 0.001 0.017 30.58 5.47
fi9 0.846 0.132 0.014  0.008 3343 0.925 0.051 0.004 0.001 0.019 27.66 6.25
fil9 0249 0.693 0.043  0.015 170.6 0.933 0.021 0.033 0.003 0.009 25.05 3.13
fi2l 0207 0.638 0125 0.029 - - - - - - - -
fi34 0921 0.047 0.010 0.022 3914 0.927 0.049 0.001 0.001 0.021 28.04 6.97
fi37 0910 0.048 0.012  0.030 299.3 0911 0.068 0.002 0.002 0.016 3135 5.48
fi39  0.555 0.332 0.086 0.027 - - - - - - - -
fie4  0.781 0.163 0.030 0.027 - - - - - - - -
fi23 - 0.904 0.062  0.035 276.13 0.958 - 0.030 0.003 0.009 25.97 2.83

similar effect as known for NaCl. The isochore slope of
H;BOj; bearing solutions is less steep for relative high-
density fluids with homogenization temperatures below ap-
proximately 300 °C, and is steeper for less dense fluids (c.f.
Fig. 1. in Peretyazhko and Zagorsky 2002; and Fig. 4.4 in
Shepherd et al. 1985) than the isochores of pure water at the
same homogenization conditions. The slope of relative low
density NaF bearing solutions (vapour-like) increase with
higher concentrations of NaF, which is, again, similar to
modifications obtained in low density fluids by H;BOj3
and NaCl.

The calculated amount fraction of H3BOjs in fluid inclu-
sions in the leucogranite dyke and aplite-pegmatite dyke is
lower than 4.2 %. Peretyazhko and Zagorsky (2002) illustrat-
ed that boric acid solution with less than 13 mass% H3BO;
(=4.2 amount%) do not significantly affect the slope of
isochores. Lithium and fluorine were not identified in any of
the fluid inclusion assemblages, but they may be dissolved in
minor amounts in the aqueous solutions of the Mt. Capanne
plutonic complex. Lithium was not identified in tourmaline
from the analyzed samples, which have a foitic to schorlitic
composition (Electronic Appendix C). Low concentrations of

Table 4 Calculated properties of

vapour phase (composition and composition Vi (vap) Bulk properties (program ICE) Vi (HGK)

molar volume) and bulk fluid vapour (Raman)  cn’/mol cn’/mol

properties of Type 3 inclusions in

quartz from sample 67E. gas™* is x(CHa)  x(Hp) x(H0)  x(gas*)  x(NaCl) Vm3 mass%

the sum of the amounts of CH, cm’/ NaCl

and H,. V,, (HGK) is the mol

calculated molar volume of pure

H,0 fluids based on fi2 0.588 0412 801.5 0.994 0.005 0.001 20.69 0.37 21.06

homogenization temperatures filo 0406 0594 8127 0990  0.006  0.004 21.93 1.16 23.53

using program Loner HGK fil2 0115 0885 8059 0989 0009 0002 2426  0.69 26.67
fil4 0.144 0.856 801.5 0.995 0.004 0.001 20.01 0.37 20.61
fil5 0.154 0.846  803.7 0.992 0.007 0.002 22.20 0.53 22.26
fil6  0.157 0.843 - - - - - - -
fi27  0.118 0.882  797.1 0.994 0.005 0.000 21.16 0.05 -
fi42  0.333 0.667 808.2 0.992 0.005 0.003 20.93 0.84 23.11
fi57  0.172 0.828  797.1 0.996 0.004 0.000 20.00 0.05 19.67
fi58  0.152 0.848  803.7 0.994 0.004 0.002 20.45 0.53 21.27
fi62  0.343 0.657 8059 0.991 0.007 0.002 22.75 0.69 21.87
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NaCl H3BO3

Fig. 11 Vapour saturated liquidus surface in the ternary H,O-NaCl-
H;BO; system in mass fractions (numbers along axes in mass %). The
four fields ice, sassolite, hydrohalite (hh), and halite represent the stability
of these solids with an aqueous liquid solution and a vapour. The fields
are separated by cotectic curves (black solid curves) that are
mathematically defined in Appendix H. The red solid curves are
isotherms (in °C) of final dissolution temperatures of the solid phases in
the aqueous liquid solution. eut is the eutectic point of the ternary system
at-21.4 °C, 23.02 mass% NaCl and 1.46 mass% H3;BOs3. The points a and
b are the eutectic and peritectic point, respectively, of the binary H,O-
NaCl system. Point ¢ is the eutectic point of the binary H,O-H3;BOs
system, and d is the shifted peritectic in H3BOs-bearing systems. Green
circles are the experimental data obtained from fluid inclusions in
tourmaline from sample 85A (Appendix F)

lithium and fluorine do not have a measurable effect on the
microthermometric properties of water-rich fluids, and do not
change significantly the slope of isochores.

Arsenic in fluid inclusions in tourmaline, aplite-pegmatite
dyke

Arsenolite and native arsenic have only been detected in some
inclusions in tourmaline (Electronic Appendix F) and may,
therefore, be regarded as accidentally trapped crystals during
the formation of homogeneous fluid inclusion assemblages.
The presence of arsenic was described for rhyolitic
peraluminous glass and melt inclusions in granite-pegmatite
hydrothermal systems (e.g., Borisova et al. 2010; Rickers et
al. 2006) and only few studies report the presence of arsenic in
hyper-saline fluid inclusions and polyphase fluid inclusions
(e.g., Rickers et al. 2006; James-Smith et al. 2010; Anderson
and McCarron 2011).

Arsenolite is highly soluble in hydrothermal fluids at high
temperatures and pressures (Pokrovski et al. 1996), and may
develop daughter crystals in numerous fluid inclusion assem-
blages. The absence of sulphur in these pegmatitic-
hydrothermal system from the Mt. Capanne plutonic complex
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prevents the formation of sulphide-arsenides, such as arseno-
pyrite. The extreme reducing conditions during the entrap-
ment of fluids may result in the precipitation of native arsenic,
and is consistent with the presence of H, in the vapour phase
of fluid inclusions in tourmaline. A reduced fluid environment
in the early magmatic-hydrothermal stage is interpreted from
the presence of CH4-H, gas mixture and the absence of CO, in
fluid inclusions in plagioclase and quartz from the
leucogranite dykes

Andalusite stability and granite solidus

Andalusite and cordierite are primary phases in the
leucogranite dykes and aplite-pegmatite dykes from Elba
(Pezzotta 2000; Schilli 2015). The entrapment conditions of
inclusions in andalusite in leucogranite (sample 67E) cannot
be reconstructed from their fluid properties because the prob-
able original H,O-rich fluid has reacted with the host mineral
to form step-daughter crystals quartz and diaspore. The con-
cept of HyO-loss due to the formation of step-daughter crystals
was also described by Kleinefeld and Bakker (2002). The gas
mixture in the remaining vapour phase is rich in CO, (low
density) with minor amounts of CHy, H, and N,. The CH4
and H, may evidence a minor input and mixing with an ex-
ternal reduced fluid. The hydrogen may also have entered
fluid inclusions through diffusion.

Table 5 Composition of the aqueous liquid solution of fluid inclusions
in tourmaline (sample 85A), graphically obtained in the ternary H,O-
NaCl-H3;BOj phase diagram (Fig. 11) from ice dissolution at the
cotectic line and final dissolution of sassolite according to the data in
Appendix F

Sample 85A tourmaline Mass fractions liquid phase

H,0 NaCl H;BO;
fil 0.849 0.105 0.046
fi2 0.861 0.098 0.043
fi3 0.853 0.109 0.038
fi4 0.859 0.101 0.040
fis 0.861 0.100 0.039
fi6 0.858 0.100 0.042
fi7 0.833 0.120 0.047
£i9 0.887 0.073 0.040
fill 0.854 0.096 0.050
fils 0.872 0.100 0.028
fil6 0.860 0.097 0.043
fi17 0.862 0.098 0.040
£i20 0.858 0.115 0.027
fi26 0.858 0.092 0.050
fi27 0.859 0.092 0.049
£i30 0.862 0.088 0.050
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Table 6 Calculated properties of
vapour phase (composition and Vapour phase Bulk fluid inclusion
molar volume) and bulk fluid
properties of fluid inclusions in x(COy)  x(CHy) VH; o x(H0)  x(COz)  x(CHy)  x(NaCl) VH; o
quartz from sample 85A cm” - mol cm” - mol
85A  fi8 0.982 0.018 2044 09787  0.0159  0.0001  0.0053 24.30
Qtzl  fi9 0.983 0.017 2129 09725  0.0146  0.0000  0.0128 22.71
fill ~ 0.883 0.117 1937 09803  0.0142  0.0003  0.0052 22.50
fil9  0.957 0.043 2116 09731  0.0143  0.0001  0.0124 22.69
fi20  0.968 0.032 2157 09715  0.0141  0.0001  0.0144 22.20
fi2l 0.955 0.045 2064 09765  0.0145  0.0001  0.0089 22.34
fi22 0978 0.022 2103 09751  0.0150  0.0001  0.0099 23.20
fi23  0.989 0.011 2093 09751  0.0165  0.0000  0.0083 26.07
fi24  0.959 0.041 2097 09745  0.0145  0.0001  0.0109 22.66
fi27 ~ 0.858 0.142 1931 09791  0.0138  0.0003  0.0068 22.26
fi29 0916 0.084 1910 09846  0.0146  0.0002  0.0006 21.88
85A  fil 0.898 0.102 1978 09788  0.0139  0.0002  0.0071 21.76
Qtz2  fi3 0.883 0.117 1963 09788  0.0137  0.0003  0.0072 21.76
fi4 0.927 0.073 2015 09780  0.0143  0.0002  0.0075 22.30
fi6 0.903 0.097 2004 09767  0.0144  0.0003  0.0086 23.14
fi7 0.925 0.075 2013 09776  0.0147  0.0002  0.0075 23.13
fi8 0.927 0.073 2002 09789  0.0144  0.0002  0.0065 22.28
fi9 0.942 0.058 2038 09771  0.0148  0.0002  0.0080 23.14
fil2 0972 0.028 2082 09759  0.0151  0.0001  0.0089 23.47
fiill3  0.775 0.225 1842 09789  0.0133  0.0007  0.0071 23.05
file  0.941 0.059 2009 09793  0.0146  0.0001  0.0060 22.27
fi2l 0.979 0.021 2076 09774  0.0147  0.0000  0.0079 22.33
fi24  0.983 0.017 2066 09780  0.0151  0.0000  0.0068 22.85
fi26 0979 0.021 2076 09773 0.0144  0.0000  0.0079 21.56
fi27  0.956 0.044 2031 09790  0.0145  0.0001  0.0064 22.03
fi30  0.976 0.024 2080 09770  0.0145  0.0001  0.0084 22.08
fi32  0.961 0.039 2085 09753 0.0147  0.0001  0.0099 22.91
fi38  0.925 0.075 2006 09786  0.0142  0.0002  0.0070 21.87
fi40  0.954 0.046 2043 09779  0.0146  0.0001  0.0074 22.14

The andalusite-sillimanite equilibrium must cross the gran-
ite solidus resulting in an overlap of the andalusite stability
fields and silicate melts in order to crystallize magmatic anda-
lusite. The stability field of andalusite and cordierite in peg-
matitic systems (peraluminous) is restricted to relative low
pressures (e.g., Clarke et al. 2005, and reference therein).
The Fe-content in pink-zoned andalusite from the studied
leucogranite dykes (up to 2.68 mass% FeO, Electronic
Appendix A) is much higher than illustrated by Clarke et al.
(2005). Only few melt inclusion assemblages were reported
by Clarke et al. (2005), and fluid inclusion assemblages were
not described or observed in this review manuscript on the
occurrence and origin of andalusite in peraluminous felsic
igneous rock. The absence of melt inclusions in our studied
euhedral andalusite crystals may exclude a magmatic origin,
however, primary crystallization from a melt is evidenced by

textural relationships. The presence of abundant aqueous
fluids (i.e., water-saturated system) must have favoured the
formation of primary fluid inclusions, which were modified
after entrapment. The formation of andalusite in leucogranite
in the magmatic-hydrothermal stage of the Mt. Capanne plu-
ton may occur in a very limited temperature-pressure window,
where the upper-limit is defined by the andalusite-sillimanite
equilibrium line and the lower-limit by the water-saturated
granite solidus curve (Fig. 12). The uncertainty in the location
of the andalusite-sillimanite equilibrium (Kerrick 1990, and
references therein) allows a certain variation in formation con-
ditions. The definition according to Holdaway and
Mukhopadhyay (1993) does not allow an overlap between
andalusite stability and solidus curve, which can only be
obtained from the stability field estimations of Pattison
(1992) or Richardson et al. (1969). The variability in the
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of the solidus. In contrast, the presence of CO,-CHy4-H, bear-

location of the granite solidus is defined by the concentration
Fig. 12 Temperature-pressure

, Hure 600 A
phase diagram with isochores for
the fluid inclusion assemblages in 1
the leucogranite sample 67E (a)
and aplite-pegmatite sample 85A 500
(b). The yellow curved line (g) is
the water saturated granite solidus
(albite + k-feldspar + quartz+ H-
,0= liquid, e.g., Thompson and
Tracy 1979), which is depressed
to lower temperatures by specific
boron contents (2 and 6 mass%
B,03, Pichavant 1981). The sta-
bility fields of AL,SiOs poly-
morphs are illustrated with red-
lines, H = Holdaway and
Mukhopadhyay (1993); R =
Richardson et al. (1969); and P =
Pattison (1992). Line m is the
muscovite breakdown reaction at
relative low pressures: musco-
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vite+ quartz= andalusite + k-
feldspar+ H,O (e.g., Thompson
and Thompson 1976). Line n is
the muscovite breakdown reac-
tion at relative high pressures:
muscovite + quartz +

I
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plagioclase= sillimanite+ k-feld- 600 -
spar+ liquid (e.g., Kerrick 1972).
The green isochores in (a) are for
Type 2 fluid inclusions, and the 500 -
dark blue isochores are for Tpe 3

fluid inclusions in quartz from the -
leucogranite dyke. The included

black isochores represents the 400 -
mode values. The green isochores
in (b) are for inclusions in tour-
maline, and the dark blue isochors
are for quartz from the aplite-
pegmatite dykes. The dashed ex-
tensions are extrapolated
isochores to lower temperatures

300 A

200

Pressure / MPa

100 ~

of B,Os (e.g., Pichavant 1981) and the activity of water (e.g.,
Schmidt et al. 1997) in the melt. According to the partitioning
of boron between melt and fluid phase in the hydrothermal
stage of the development of a pegmatitic system (e.g.,
Pichavant 1981; Thomas et al. 2003), 4.2 amount % of
H;BO; (Table 5) in the fluid phase corresponds to similar
concentrations in the melt, and a depression of about 40 °C
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ing fluids reduces the water activity, which increases the sol-
idus temperature in a haplogranitic system (e.g., Schmidt et al.
1997). However, all fluid inclusion assemblages are rich in
H,0 and the concentration of carbon species do not exceeds
7 amount %. The low concentration of CO, is also reflected by
the absence of accidentally trapped minerals such as
dawsonite (c.f. Sirbescu and Nabelek 2003).
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Fluid trapping conditions

Most of the described fluid inclusion assemblages in sample
67E (leucogranite dyke) and 85A (aplite-pegmatite dyke) are
homogeneous. Consequently, fluid entrapment must have tak-
en place at super-critical conditions along isochores, which
must be constructed according to specific equations of state.
Bakker (2003) has illustrated the existence of abundant equa-
tions of state in the software package FLUIDS. Selection of
one equation depends on its accuracy, which can be obtained
from comparison with experimental data of specific fluid sys-
tems, and considering temperature and pressure limits. In ab-
sence of experimental data, the equations can be compared to
various unified Helmholtz energy functions for pure fluid end-
members, e.g., Haar et al. (1984) for pure H,O. These func-
tions are the most accurate in reproducing a variety of p-7-V°
and other thermodynamic properties. Simplifications have to
be taken into account if the measured fluid properties are
highly complex and do not fit to the limitations of published
equations of state.

Type 3 fluid inclusions in quartz from sample 67E are near-
ly pure H,O, with only minor amounts of gases and salt (less
than 1 amount %, see Table 4). Therefore, accurate isochores
can be constructed with the program Loner HGK (Fig. 12a).
The isochores of fluids that are trapped in Type 2 inclusions in
quartz from sample 67E, and in quartz and tourmaline from
sample 85A can be calculated with equations of state for

quaternary H,O-CO,-CH4-NacCl fluid systems (programs
Loner B and Loner AP). Calculations are restricted to the
program Loner B if additional gases such as H, and N, are
included. Alternatively, these isochores can be calculated in a
simplified binary H,O-NaCl fluid system (e.g., 4gSo DH), if
the effect of the presence of gases on bulk fluid properties is
neglected. fi21 in quartz from sample 85A (Qtz1, Table 6) can
be used to illustrate the test to determine the most accurate
equation to calculate isochores (Table 7). This inclusion ho-
mogenizes at 245.1 °C into the liquid phase. In a pure H,O
fluid, this temperature corresponds to a molar volume of
22.34 ¢cm®-mol ' (Loner HGK), and the isochore reaches a
pressure of 482.8 MPa at 600 °C. Higher concentrations of
CO,-CH4 (x=0.0146) and NaCl (x=0.0089) in this fluid
cause a significant shift of pure H,O isochors at higher pres-
sures and temperatures. fi2 has an ice dissolution temperature
of —3.2 °C that corresponds to x(NaCl)=0.01651 (AgSo
WNK). The same homogenization temperature corresponds
to a molar volume of 21.90 cm®-mol ', and this isochore
reaches higher pressures, 510 MPa at 600 °C (4¢So DH).
The equation of state in 4gSo DH for H,O-NaCl mixtures
includes per definitions the pure H,O equation according to
Haar et al. (1984). Complex bulk fluid properties calculated
with the program /CE (Table 6) can be used to calculate the
isochore of fi2] in the quaternary H,O-CO,-CH,4-NaCl fluid
system with Loner B and Loner AP (Table 7). However, these
equations cannot be used to estimate accurately molar

Table7 Calculated isochores with the programs Loner HGK, AqSo DH, Loner B and Loner AP for fluid inclusion fi2] from Qtz1 in sample 85A (see

Table 6)

EoS Loner HGK? AqSo DH® Loner B° Loner AP¢

Vin 22.34 ¢m® - mol ! 21.90 cm® - mol ! 22.34 cm® - mol '* 22.34 cm® - mol '*
Temperature (°C) Pressure (MPa)

300 79.6 81.5 50.3 31.2 (-60.8 %) 88.4 72.3 (9.2 %)
350 149.7 153.9 131.5 113.9 (—23.9 %) 154.8 136.6 (8.8 %)
400 219.3 226.9 208.7 191.7 (—12.6 %) 2232 203.9 (7.0 %)
450 287.7 299.6 283.0 265.8 (7.6 %) 294.8 273.9 (4.8 %)
500 354.6 3713 3549 3374 (4.9 %) 369.4 346.3 (-2.3 %)
550 419.7 4415 4249 406.9 (3.0 %) 4459 420.7 (+0.2 %)
600 482.8 510.0 4933 474.9 (-1.6 %) 5234 496.7 (+2.9 %)
650 544.1 576.6 560.4 541.5 (0.5 %) 602.4 574.2 (+5.5 %)
700 603.6 641.3 626.4 607.1 (+0.6 %) 682.9 652.8 (+8.2 %)

EoS is equation of state; V;,, is molar volume. The numbers in bold are extrapolated beyond the limits of the equation of state (500 MPa). The numbers in
italic are the pure H,O end-member isochores from Loner B and Loner AP. The numbers in brackets are the corresponding deviation (in %)

 pure H,0, Haar et al. (1984)
®binary H,O-NaCl, Driesner (2007)
¢ quartenary H,O-CO,-CH,4-NaCl, Bakker (1999)

d quartenary H,O-CO,-CH4-NaCl, Anderko and Pitzer (1993), Duan et al. (1995, 2003)

*homogenization temperature cannot be used to calculate bulk molar volume with this equation of state, therefore, the value of fi2/ in Table 6 is selected
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volumes directly from 7;, below 300 °C. The pure H,O fluid
end-member of these equations of state is compared to the
isochore of pure H,O calculated with Loner HGK (Table 7).
Loner B is highly inaccurate below 500 °C, but is within 5 %
deviation at higher temperatures and pressures, whereas Loner
AP is only reliable in the range 450-600 °C, and result in
highly overestimated pressures at higher temperatures, and
up to 10 % deviation at lower temperatures. Therefore, fluid
trapping conditions with the quaternary H,O-CO,-CH4-NaCl
system of the Monte Capanne plutonic system that exceed
550 °C are best modelled with Loner B, whereas Loner AP
is suitable to model this fluid system below 550 °C (Fig. 12).

The inferred trapping conditions of 7Type 2 fluid inclusions
in quartz from leucogranite dykes range from 670 °C and
270 MPa to 720 °C and 310 MPa (Fig. 12a). Subsequently,
fluids are continuously trapped in quartz during further
cooling and exhumation of the rock, down to around 200 °C
and 50 MPa. Trapping conditions of fluids in tourmaline from
aplite-pegmatite veins occurred at lower pressures, ranging
from 680 °C and 230 MPa to 740 °C and 270 MPa
(Fig. 12b). The quartz in the aplite-pegmatite dykes record a
distinct trapping event at much lower temperatures and pres-
sures, at about 250 to 300 °C and 50 to 100 MPa.

Comparison with previous fluid inclusion studies

Ruggieri and Lattanzi (1992) examined fluid inclusions in
quartz, beryl and tourmaline from miarolitic cavities, and in
quartz from massive pegmatites from the eastern Mt. Capanne
plutonic complex. Although they have described similar low
salinity H,O-rich fluid types, there are some important new
details, results and differences in fluid property estimations
that allow an improved interpretation of trapping conditions
and environment of crystallization of leucogranite and aplite-
pegmatite dykes. The new results include more detailed anal-
yses of the gas composition of the vapour phase in different
fluid inclusion assemblages, that is clearly distinct from pre-
vious analyses: the mixture (Fig. 2) includes H, and higher
concentrations of CHy, N,, and only trace of H,S in some
inclusions. Moreover, the presence of arsenic and H;BO; as
daughter crystal and dissolved in the aqueous solution was not
described by Ruggieri and Lattanzi (1992). They estimated
bulk fluid properties from unspecified assumptions about
volume fractions of vapour-liquid phases, neglecting the
solubility of gases, and selecting a general average den-
sity of a pure CO, vapour phase, whereas clathrate dis-
solution temperatures were not used, or not observed.
This CO, density is usually underestimated due to re-
stricted visibility for LV —V homogenization.
Uncertainties analyses of calculated isochores were not
performed by Ruggieri and Lattanzi (1992).

Petalite (LiAlSi40,¢) and quartz is described as a stable
assemblage in some pegmatitic vugs of Elba (e.g., Pezzotta
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2000). Although Li-bearing minerals were not identified in
Ruggieri and Lattanzi (1992), the stability of petalite in the
eukryptite-quartz-water system was used to estimate the upper
and lower limits of trapping conditions of fluids. A not further
specified assumption of trapping pressures (150 MPa) results
in trapping temperatures of primary inclusions in quartz and
tourmaline at 475 to 580 °C, which is well below the possi-
bilities to crystallize magmatic andalusite, and inconsistent
with our results.

Rossetti and Tecce (2008) have described a highly saline
fluid (up to 70 eq. mass% NaCl) in skarn minerals (grossular-
andradite, vesuvianite, and quartz) that developed in the ther-
mal aureole of the north-eastern part of the Mt. Capanne plu-
tonic complex. This skarn developed in the contact zone to
marbles and calcschists of the tectonic unit Complex IV (Dini
etal. 2002). Our fluid inclusion studies in the leucogranite and
aplite-pegmatite dykes that are located within the same ther-
mal aureole, but within serpentinites do not reveal any evi-
dence of the presence of a highly saline brine, and NaCl is
only present in minor amounts. It is therefore unlikely that the
magmatic-hydrothermal system of the Mt. Capanne pluton is
the source of a hypersaline brine in the skarn. Both studies
reveal the existence of a reduced fluid, i.e., CH; dominated, in
the thermal aureole in metasediments. Therefore marbles,
calcschists and serpentinites must have produced a highly
reducing fluid during contact metamorphism. Rossetti and

leucogranite fluid
source

aplite-pegmatite

magmatic
fluids 1

andalusite
COo,

........

reduced fluids
H, CH,

qtz Type 1
(N2, H3S, CoHg)

; magmatic 3
fluids 2
qtz tourmaline
Type 2 H3B0; + CO,

» -
reduced fluids
Plag gtz CH, l
Type 3 H,

quartz

........

Fig. 13 Schematical diagram to illustrate the relationship between fluid
sources and fluid inclusion assemblages that are analysed in leucogranite
dykes and aplite-pegmatite dykes. Relative timing of crystallization and
fluid entrapment is illustrated by the vertical order of boxes (from top to
bottom). All fluid systems are highly enriched in H,O with only traces of
NaCl, CO,, CHy, H, and other gases (up to 7 mass%). The large arrows
indicate the main type of fluid that is entrapped in a specific mineral,
whereas the small dashed arrows indicated the entrapment of minor
amounts of an additional fluid. The vertical arrow from tourmaline to
quartz in the aplite-pegmatite dyke illustrates that both minerals evolved
from the second magmatic fluid, quartz after tourmaline, without the
input of a second reduced metamorphic fluid. See text for further details
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Tecce (2008) suggest that original CO,-rich fluids in the mar-
bles and calcschists were reduced by the gain of hydrogen that
was obtained by the change in oxygen fugacity from an infil-
trating Fe-rich brine. Nevertheless, because this skarn has
entrapped a CHy-dominant metamorphic fluid, it is un-
likely that CO, entrapped in leucogranite and aplite-
pegmatite dykes of the Mt. Capanne complex originate
from this metamorphic source. Serpentinites are unlike
to contain original CO,-rich metamorphic fluids, there-
fore CO, can be assigned to a magmatic origin in our
studied samples, similar to the observations of Ruggieri
and Lattanzi (1992).

Fluid evolution

Figure 13 illustrates schematically the interpreted fluid events
and compositional changes during entrapment of fluid inclu-
sion assemblages in leucogranite dykes and aplite-pegmatite
dykes from the late magmatic-hydrothermal stage of the Mt.
Capanne plutonic complex. The fluid inclusion assemblages
record multiple pulses of H,O-rich, NaCl-poor magmatic and
reduced metamorphic fluid stages. The occurrence of a low
salinity aqueous liquid with minor amounts of CO, in fluid
inclusions in pegmatites was also described by London (2008,
and references therein). The fingerprint of these magmatic
fluids in andalusite in leucogranite dykes is suggested to be
the CO,-rich gas mixture, whereas the H,O was completely
lost due to post-entrapment modifications. The presence of
small amounts of CHy, H, and N, illustrates that reduced
fluids from the serpentinites were already injected in this early
stage. This reduced fluid completely replaced the magmatic
fluid during the development of Type / primary inclusions in
quartz, still in the presence of abundant suspended mica crys-
tals from the magmatic fluid. Subsequently, a second major
magmatic pulse introduces a boron-rich fluid during the em-
placement of aplite-pegmatite dykes that mixes with the re-
maining reduced fluid, and produces variable CO,-CH, gas
mixture. This fluid also includes other gas components, such
as H,, N,, H,S, and C,H, that may origin from the input of
more reduced fluids from the serpentinites. This fluid is
trapped in quartz from the leucogranite (7ype 2) and represents
the first crystallization conditions of tourmaline in aplite-peg-
matites. The isochore interpretation illustrates that this fluid
was trapped at lower pressures than in leucogranites. Reduced
fluids are the major fluid source in the late stage of the devel-
opment of leucogranite dykes, resulting in CHy-H, gas mix-
tures that are trapped in quartz (7jpe 3) and plagioclase. The
aplite-pegmatite is not affected by this injection of re-
duced fluids and records only a late stage fluid entrap-
ment in quartz from the remnants of the original mag-
matic fluid source, still containing a CO,-rich gas mix-
ture and some boron.
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