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Abstract: We present a new empirical plagioclase-liquid hygrometer for estimating the amount
of H2O dissolved in trachytic magmas. The hygrometer is based on the exchange reaction of
anorthite between plagioclase and liquid, and is calibrated using crystallization experiments where
the concentration of H2O in quenched glasses has been accurately determined based on Fourier
Transform Infrared Spectroscopy (FTIR) analysis. The multiple linear regression of plagioclase-liquid
cation fractions and components from experimental data obtained at 150–202 MPa, 850–1020 ◦C,
1.17–7.57 wt. % H2O and ∆NNO + 2.5 buffer, yields to a highly accurate model with uncertainty
of only ±0.29 wt. % H2O. The model reliability has been demonstrated using an independent
test data set consisting of crystallization experiments from the literature and thermodynamically
derived compositions. The fairly good convergence between our model calibration and the test data
set excludes systematic H2O overestimates or underestimates caused by miscalibration and data
overfitting. The plagioclase-liquid hygrometer from this study has been applied to trachyandesitic
(latitic) and trachytic products erupted over the last 1000 years at the La Fossa cone of Vulcano Island
(Aeolian Islands, Southern Italy). Results from calculations indicate that the concentration of H2O
in the latitic and trachytic melts is comprised between ~2.5 and ~3.5 wt. %. These values are in
good agreement with data from melt inclusions and, overall, testify to low-pressure, open-system
differentiation of trachytic magmas under strong degassing conditions.
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1. Introduction

Volatiles in magmas exert a great influence on the physicochemical properties of silicate melts and,
ultimately, on the eruptive style of active volcanoes [1–3]. Among the volatile species dissolved in
silicate magmas, H2O is the most abundant and effective parameter in modifying phase equilibria
and rheological properties [4–6]. For this reason, modelling of H2O solubility and speciation has been
the main focus of experimental and theoretical works [7–11]. In turn, determining the concentration
of H2O dissolved in differentiated magmas is extremely important for volcanic hazard assessment,
especially for the efficiency of volcanic eruptions controlled by H2O exsolution in shallow magma
reservoirs [12–14].

Among the typical magmatic minerals, plagioclase is the most common constituent of low-pressure
phase assemblages and one of the most sensitive (in terms of stability and chemical composition) to
H2O changes in the crystallizing system [15]. Therefore, a variety of empirical and semi-empirical
hygrometers has been calibrated through the application of feldspar-liquid exchange reactions, mostly
referring to the partitioning of albite (NaAlSi3O8) and anorthite (CaAl2Si2O8) components [15–21].
Although the calibration error of these models is generally low (±1.1, ±0.32, ±0.35 and ±0.53 wt. %
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H2O for [16], [17], [18] and [19], respectively), there are several important limitations that may reduce
their predictive power (cf. [19]), such as: (1) the use of H2O contents from a wide spectrum of glass
compositions that, most of the time, are measured with inaccurate (or indirect) analytical methods,
(2) the paucity of experimental data referring to H2O concentrations intermediate between anhydrous
and fluid-present conditions and (3) the application of previous hygrometric models to compositions
under-represented in their calibration data sets.

In this study, we propose a new empirical plagioclase-liquid hygrometer specific to trachytic
magmas, calibrated using a refined data set consisting of phase equilibria experiments, performed
both at H2O-saturated and H2O-undersaturated conditions, where the concentration of H2O dissolved
in the melt has been accurately measured by Fourier Transform Infrared Spectroscopy (FTIR) analysis.
The use of a restricted and well-characterized calibration data set allows to significantly reduce the
uncertainty of the model and error propagation effects caused by inaccurate H2O estimates. It is
worth stressing that most of the experimental works used for the calibration of previous models
do not provide direct H2O measurements and, consequently, the concentration of H2O is estimated
by alternative and less precise methods (cf. [15–19] and [22]), such as: (i) the difference from an
electron microprobe analysis of quenched glasses (i.e., H2O = 100 – glass wt. % total, as reported
in [23,24]), (ii) the application of solubility models to pure-H2O fluid saturated experiments, and (iii)
the assumption that H2O concentration equals the amount of volatile added to the experimental
charge. Therefore, for the purpose of this study, new crystallization experiments were conducted
under H2O-undersaturated conditions at 150 MPa, 1000–1020 ◦C, 1.17–3.73 wt. % H2O and ∆NNO +

2.5 buffer, using as starting composition a trachytic lava erupted at Vulcano Island (Aeolian Islands,
Southern Italy). This experimental data set has been integrated with further experiments on a
trachyandesitic melt composition from Masotta and Keppler [25], performed under H2O-saturated
conditions at 170–202 MPa, 850–950 ◦C and H2O ranging from 5.12 to 7.57 wt. %. For all these
experiments, the concentration of H2O in the melt was either directly measured by FTIR analysis or
estimated by a FTIR-based calibration of the difference from electron microprobe analysis of quenched
glasses (cf. [25]). Through multiple regression analysis of plagioclase and melt components, we
have derived a new hygrometer specific to trachytic magmas that is more accurate than previous
models. The hygrometer has been tested with both experimental and thermodynamically derived melt
compositions, providing the best predictions for H2O concentrations at temperatures ranging from 850
to 1050 ◦C. The hygrometer has been also employed to trachyandesitic (latitic) and trachytic products
erupted at the La Fossa cone of Vulcano Island. The obtained H2O estimates are consistent with the
crystallization conditions inferred for the shallow plumbing system of the La Fossa volcano, by means
of gas geochemistry [26,27], thermobarometry [28,29] and H2O measurements from melt inclusion
studies [30,31].

2. Materials and Methods

The starting material used for the crystallization experiments is a trachytic lava from the Palizzi
eruptive unit at Vulcano Island (cf. [32]). The crushed rock sample was ground in an agate mortar
to obtain a fine powder. The powder was double-melted for 1 h in a Fe-presaturated Pt-crucible
at 1 atm, 1600 ◦C and NNO buffer at the HPHT Laboratory of the Department of Earth Sciences,
Sapienza–University of Rome (Rome, Italy). The quenched glass was crushed in the mortar and sieved
to the grain size of 20 µm. Eight Au90Pd10 capsules were loaded with about 10 mg of the nominally
anhydrous glassy powder plus variable amounts of deionized H2O added by a microsyringe and
yielding final H2O contents in the range of 1.17–3.73 wt. % (Table 1). The crystallization experiments
were carried out at 150 MPa and 1000–1020 ◦C using a rapid-quench cold-seal vessel made of TZM
(titanium-zirconium-molybdenum) alloy and pressurized with argon. The intrinsic oxygen fugacity
of TZM autoclaves is close to the ∆NNO + 2.5 buffer. The run duration was set on 48 h, in order
to ensure the achievement of thermochemical equilibrium within the experimental capsule (cf. [22]).
For quenching, the sample is rapidly dropped into a water-cooled zone and quenched in about 2 s.
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At the end of the experiment, one half of the capsule was mounted in an epoxy disk and polished
for textural and chemical analyses, whereas the second half was embedded in crystal bond resin and
polished on both sides for FTIR analysis. This experimental data set has been integrated with additional
experiments from Masotta and Keppler [25], conducted on trachytic compositions using a similar TZM
apparatus. These experiments were performed at 170–202 MPa, 850–950 ◦C, 5.12–7.57 wt. % H2O and
at Re-ReO2 or Hematite–Magnetite oxygen buffers (Table 1).

Table 1. List of experiments.

Experiment P (MPa) T (◦C) t (h) H2O a Phase assemblage b A3550
(µm-1)

Density
(g/L)

Thickness
(µm)

Phase equilibria experiments—this study
CA-9 150 1000 48 1.17 Gl(73), Pl(11), Sa(11), Cpx(5) 0.010 2484 51
CA-4 150 1000 48 1.71 Gl(76), Pl(9), Sa(10), Cpx(5) 0.015 2481 35
CA-7 150 1000 48 2.14 Gl(78), Pl(9), Sa(10), Cpx(4) 0.022 2472 28
CA-8 150 1000 48 2.80 Gl(81), Pl(8), Sa(7), Cpx(4) 0.009 2439 60
CA-17 150 1000 48 3.55 Gl(86), Pl(6), Sa(6), Cpx(2) 0.029 2406 17
CA-21 150 1000 48 3.73 Gl(89), Pl(5), Sa(4), Cpx(2) 0.031 2385 15
CA-19 150 1020 48 2.88 Gl(83), Pl(7), Sa(7), Cpx(3) 0.024 2436 80
CA-22 150 1020 48 3.20 Gl(84), Pl(7), Sa(6), Cpx(3) 0.027 2438 42

Phase equilibria experiments—Masotta and Keppler (2015)
AND-15 200 850 168 7.32 Gl, Pl, Cpx, Ox, Anhy - - -
AND-13 202 900 168 5.75 Gl, Pl, Cpx, Ox, Anhy - - -
AND-16 202 900 168 6.36 Gl, Pl, Cpx, Opx, Ox, Anhy - - -
AND-18 195 950 168 7.40 Gl, Pl, Cpx, Ox, Anhy - - -
AND-7 200 850 168 7.57 Gl, Pl, Cpx, Ox, Anhy - - -
AND-10 200 850 168 7.10 Gl, Pl, Cpx, Ox, Anhy - - -
AND-8 202 900 168 6.65 Gl, Pl, Cpx, Ox, Anhy - - -
AND-12 202 900 168 5.89 Gl, Pl, Cpx, Opx, Amph, Ox, Anhy - - -
AND-9 170 950 168 6.03 Gl, Pl, Cpx, Ox, Anhy - - -
AND-11 170 950 168 6.56 Gl, Pl, Cpx, Ox, Anhy - – -
AND-19 202 950 168 5.12 Gl, Pl, Cpx, Opx, Ox, Anhy - - -
a By FTIR analysis; b Phase abundances in parentheses are calculated on electron backscattered images. Phase
abbreviations: Glass (Gl), Plagioclase (Pl), Sanidine (Sa), Clinopyroxene (Cpx), Oxide (Ox), Anhydrite (Anhy),
Orthopyroxene (Opx), and Amphibole (Amph).

Chemical analyses of experimental glasses and plagioclase crystals (Tables 2 and 3) were performed
with a Cameca SX-50 electronic probe microanalyzer (EPMA) equipped with five spectrometers and
installed at the CNR-Istituto di Geologia Ambientale e Geoingegneria (Rome, Italy). For glasses,
a slightly defocused electron beam with a size of 5 µm was used with a counting time of 5 s on
background and 15 s on peak. For plagioclases, the beam size was 1 µm with a counting time of 20
and 10 s on peaks and background, respectively. The following standards have been adopted for
the various chemical elements: Jadeite (Si and Na), corundum (Al), forsterite (Mg), andradite (Fe),
rutile (Ti), orthoclase (K), barite (Ba), apatite (P), and spessartine (Mn). Sodium and potassium were
analyzed first to prevent alkali migration effects. The precision of the microprobe was measured
through the analysis of well-characterized synthetic oxides and minerals. Data quality was ensured
by analyzing these test materials as unknowns. Based on counting statistics, analytical uncertainties
relative to their reported concentrations indicate that precision was better than 5% for all cations.

FTIR analyses (Table 1) were carried out at the Dipartimento di Scienze della Terra, University
of Roma Tre (Rome, Italy). The analytical conditions and methods used for the estimate of the H2O
content in the glass are similar to those described in Di Matteo et al. [33]. Absorption spectra were
collected in the mid-infrared (MIR) using an FTIR spectrometer with a Nicolet NicPlan microscope
equipped with a nitrogen-cooled MCT detector and a KBr beamsplitter. Spectral resolution was 2 cm−1.
For each spectrum, 50–100 scans were collected. The spot size applied in analyses was typically
50 µm × 50 µm. The analyzed area was checked optically before FTIR measurements to avoid any
possible crystal. Doubly polished glass plates of about 15–80 µm thickness were prepared from the
experimental products for IR spectroscopy. The thickness of each section was measured with a digital
micrometer (Mitutoyo; precision ±2 µm). The concentration of dissolved H2O in the investigated glass
was calculated using the Beer–Lambert law [7]. The total H2O content (Table 1) was computed using
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the molar absorptivity of 62 L mol−1 for the infrared band at 3550 cm−1 [34]. The glass density (Table 1)
was calculated using the equation of Lange and Carmichael [35].

Table 2. Major element composition of experimental glasses.

Sample SiO2 TiO2 Al2O3 FeOtot MnO MgO CaO Na2O K2O Total

Starting material
VGPL-3 62.63 0.60 17.82 4.56 0.15 0.77 2.21 4.41 6.64 99.79

(15) a 1.01 0.12 0.65 0.23 0.03 0.27 0.12 0.23 0.21 -
Crystallization experiments

CA-9 64.45 0.28 18.01 1.73 0.04 0.52 1.91 4.41 7.42 98.77
(10) 0.72 0.02 0.70 0.13 0.01 0.09 0.20 0.25 0.24 -

CA-4 64.34 0.29 17.99 1.71 0.02 0.47 1.74 4.49 7.54 98.59
(10) 0.36 0.07 0.34 0.17 0.01 0.06 0.04 0.11 0.29 -

CA-7 65.40 0.28 16.95 1.70 0.01 0.60 1.07 4.41 7.32 97.74
(10) 0.58 0.03 0.51 0.22 0.01 0.05 0.04 0.15 0.24 -

CA-8 63.16 0.37 17.25 2.35 0.11 0.81 1.98 4.69 7.05 97.77
(10) 0.61 0.04 0.42 0.14 0.01 0.05 0.24 0.17 0.23 -

CA-17 62.79 0.31 17.32 2.10 0.14 0.72 1.65 4.39 7.27 96.69
(10) 0.57 0.03 0.61 0.09 0.01 0.10 0.17 0.20 0.22 -

CA-21 62.60 0.32 17.37 2.13 0.05 0.88 2.20 4.35 6.48 96.38
(10) 0.82 0.02 0.39 0.13 0.01 0.04 0.15 0.13 0.20 -

CA-19 62.22 0.43 16.99 2.64 0.15 1.06 2.62 4.29 6.39 96.79
(10) 0.97 0.04 0.47 0.19 0.03 0.06 0.27 0.18 0.31 -

CA-22 61.82 0.33 17.42 2.87 0.12 1.21 3.12 4.26 6.09 97.24
(10) 0.65 0.03 0.45 0.20 0.02 0.15 0.12 0.17 0.17 -

a Standard deviation is calculated according to the number of analyses in parenthesis.

Table 3. Major element composition of experimental plagioclases.

Sample SiO2 TiO2 Al2O3 FeOtot MnO MgO CaO Na2O K2O Total An Ab Or

CA-9 58.96 0.05 25.24 0.67 0.01 0.05 6.80 6.11 1.98 99.86 0.34 0.55 0.12
(10) a 0.93 0.03 1.20 0.26 0.02 0.05 0.77 0.15 0.55 - - - -
CA-4 58.28 0.03 26.50 0.59 0.03 0.03 7.56 6.00 1.58 100.60 0.37 0.53 0.09
(10) 0.59 0.01 0.62 0.04 0.01 0.01 0.44 0.25 0.15 - - - -

CA-7 57.47 0.08 26.28 0.97 0.02 0.10 7.98 5.53 1.61 100.04 0.40 0.50 0.10
(10) 0.52 0.04 0.83 0.43 0.03 0.08 0.34 0.68 0.56 - - - -

CA-8 58.65 0.05 26.02 0.51 0.01 0.02 7.07 6.05 1.76 100.13 0.35 0.54 0.10
(10) 0.73 0.00 0.12 0.08 0.00 0.00 0.13 0.07 0.06 - - - -

CA-17 54.29 0.03 29.03 0.70 0.03 0.06 10.91 4.50 0.81 100.37 0.55 0.41 0.05
(10) 0.93 0.02 0.91 0.14 0.03 0.02 0.91 0.44 0.09 - - - -

CA-21 54.24 0.04 28.84 0.88 0.02 0.07 10.86 4.40 0.78 100.13 0.55 0.40 0.05
(10) 0.39 0.04 0.52 0.27 0.01 0.01 0.41 0.09 0.18 - - - -

CA-19 56.37 0.05 27.61 0.57 0.02 0.04 9.56 5.17 1.13 100.51 0.47 0.46 0.07
(10) 1.19 0.02 0.65 0.13 0.03 0.01 0.79 0.32 0.29 - - - -

CA-22 54.89 0.04 27.94 0.81 0.00 0.09 10.25 4.66 0.98 99.67 0.52 0.42 0.06
(10) 1.12 0.02 0.80 0.21 0.01 0.09 0.51 0.28 0.26 - - - -

a standard deviation is calculated for the number of analyses in parenthesis.

3. Results

3.1. Crystallization Experiments

The experimental products are characterized by the ubiquitous presence of clinopyroxene and
feldspar (plagioclase + sanidine) (Table 1). The crystal content decreases from 27 to 11 vol. % as the
amount of H2O in the glass phase increases from ~1.17 to ~3.73 wt. % (Table 1). Both crystals and glasses
are compositionally homogeneous, suggesting the attainment of thermochemical equilibrium over the
relatively long experimental time duration of 48 h (cf. [22]). This is also corroborated by the equilibrium
model of Namur et al. [36] that, based on the glass analysis and experimental temperature, successfully
estimates the concentration of An in plagioclase within the relative low uncertainty of ±0.07 mol. %.
As a further test, we have also employed the Ab-An exchange of Putirka [16] between plagioclase
and the quenched glass (pl-liqKdAb-An), requiring constant values over two temperature intervals:
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pl–liqKdAb–An = 0.10 ± 0.05 and 0.27 ± 0.11 at T < 1050 ◦C and T ≥ 1050 ◦C, respectively. The Ab-An
exchange partition coefficients (0.01–0.14) from this study closely match with the equilibrium interval
derived at T < 1050 ◦C (Table S1).

According to the TAS (total alkali vs. silica) classification scheme of Le Bas et al. [37], all the
residual glass analyses plot in the field of trachyte (Figure 1a) and become more differentiated and
alkali-rich with decreasing T and H2O (i.e., with increasing the degree of crystallization; Table 2).
The quenched melts from Masotta and Keppler [25] compare well with those from this study in terms
of trachytic association because of the constant co-saturation of plagioclase + pyroxene, but are also
characterized by less differentiated compositions approaching towards the trachyandesite-trachyte
boundary (Figure 1a; Table S1).
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The chemistry of plagioclase sensibly changes as a function of the experimental conditions.
In particular, the An component increases from 35 to 55 mol. % (Figure 1b) with increasing H2O and,
subordinately, with increasing T, due to the narrow range of 1000–1020 ◦C (Table 3). In comparison,
experiments from Masotta and Keppler [25] display a broader variation of the plagioclase composition,
with the An content ranging from 37 to 73 mol. % (Figure 1b; Table S1). Such enrichment in the
anorthite component is remarkably high relative to the low temperatures (850–950 ◦C) adopted for the
experiments. Such a compositional effect is due to the much higher H2O content (~5.12–7.57 wt. %)
used in the experiments by Masotta and Keppler [25], compared to that (~1.17–3.73 wt. %) used in this
study. With respect to the overall compositional data set, the plagioclase crystals obtained at higher T
are in equilibrium with lower H2O contents, thus providing a broad and functional spectrum for the
concentration of An in plagioclase during the crystallization and evolution of trachytic systems.

3.2. Plagioclase-Liquid Hygrometer

For the calibration of the hygrometer, the glass and plagioclase analyses were treated in terms of
cation fractions (Xi

liq or Xi
Pl where liq and pl refers to the liquid and plagioclase, respectively, and i

is the cation of interest) and components (An and Ab, as the expression of mol. % of anorthite and
albite, respectively). Provided that all the experimental plagioclase crystals are in equilibrium with the
coexisting glasses, the amount of H2O at which plagioclase saturates the melt has been determined
through the equilibrium constant (Keq) for the following reaction [15]:

CaOliq + Al2O3
liq + 2SiO2

liq = CaAl2Si2O8
pl (1)

During magma evolution, the content of An in plagioclase is positively correlated with either
T or H2O and, consequently, discriminating the role played by these two parameters is not possible
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(e.g., [16]). Starting from a hypothetical near-liquidus melt region, the thermal path followed by
primitive basaltic magmas prior to complete solidification is always much greater than that referring
to more differentiated trachytic compositions. Therefore, the role played by H2O during magmatic
evolution becomes increasingly more relevant with respect to temperature, accounting for the enhanced
solubility of H2O in more differentiated melts [38]. Rationally, Keq for Equation (1) is prevalently a
proxy for the amount of H2O dissolved in trachytic magmas, as the effect of temperature is subordinated
to the melt-H2O content [20,39]. Looking at the experimental conditions listed in Table 1, T and H2O
change from 850 to 1020 ◦C and 1.17 to 7.57 wt. %, respectively, during the crystallization of the
trachytic melt. These different intervals yield to the recognition that T increases by only ~17%, whereas
H2O increases substantially by 83%. A more marked effect of H2O on the concentration of An in
plagioclase has been documented by the experimental investigation of Sisson and Grove [40] on the
role of H2O in calc-alkaline differentiation and subduction zone magmatism. Furthermore, phase
equilibria experiments conducted by Ushioda et al. [41] on arc basaltic magmas have illustrated that,
under the strong influence of hydrous crystallization conditions, the effects of P and T are almost
negligible for the Ca–Na exchange between plagioclase and liquid. In addition to Keq, we observe that
H2O dissolved in the trachytic melt is negatively correlated with the concentration of Ab in plagioclase
and positively correlated with the Na/K cation ratio of the liquid (Table S1). On this basis, we have
derived a new hygrometer specific to trachytic compositions following the same calibration approach
proposed by Putirka [16] and consisting of multiple regression analysis of plagioclase-liquid cation
fractions and components:

H2O(wt. %) = 46.22− 0.33 ln
Anpl(

Xliq
CaXliq2

Al Xliq2

Si

) − 0.035T − 12.31Abpl
− 1.31

Xliq
Na

(XNa + XK)
liq

. (2)

The main difference between Equation (2) and the model of Putirka [16] consists of the number of
regression parameters that has been reduced to five. We observe, indeed, that the use of additional
predictors does not offer any statistical improvements for the regression fit, but rather leads to data
overfitting. For example, the effect of P on the bulk plagioclase-liquid system is always negligible
at conditions lower than 300 MPa [16,17]. Coherently, the regression statistics of the simplified
Equation (2) are very good, with a correlation coefficient (R) of 0.98 and a standard error of estimate
(SEE) of ±0.29 wt. % H2O, evidencing the high predictive power of the model (Figure 2a).

The precision of the hygrometer was tested using plagioclase-liquid pairs from crystallization
experiments on trachyandesitic, trachytic and trachyphonolitic melts available in literature [22,42,43].
In order to give more strength to the test, we included additional plagioclase-liquid pairs recovered
through MELTS [44] numerical simulations, as reported in Mollo et al. [19]. The MELTS data set refers
to trachytic compositions equilibrated at 100–300 MPa, 804–1007 ◦C, 1.77–7.39 wt. % H2O and ∆NNO
− 0.8 to ∆NNO + 0.5 buffer, and is unbiased by the analytical uncertainty that characterizes most of
the experimental products. At this purpose, it is worth stressing that there is a fairly good agreement
between phase relationships and compositions predicted by MELTS and those observed in natural and
experimental trachytic products (e.g., [39,45]). Moreover, the MELTS algorithm for Gibbs free energy
minimization is based on an independent and very different set of mineral thermochemical data [44].
In ultimate analysis, the combination of the test data set with the MELTS data set gives the opportunity
to verify the convergence between thermodynamic principles and the experimental compositions
employed for calibrating the plagioclase-liquid hygrometer from this study. Figure 2b shows that
H2O contents of both test and MELTS data sets are highly consistent with those estimated from
Equation (2), also confirming the attainment of bulk equilibrium conditions within the experimental
charges. The regression analysis of the data recovers appreciable statistics of R2 = 0.90 and SEE =

±0.84 wt. % H2O. According to the very different principles beyond MELTS thermodynamic data,
we can also exclude systematic H2O overestimates or underestimates caused by miscalibration of the
plagioclase-liquid hygrometer.
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3.3. Comparison with Previous Plagioclase-Liquid Hygrometers

The plagioclase-liquid hygrometers of Putirka [16], Lange et al. [17] and Waters and Lange [18] are,
at present, the most reliable semi-empirical models for determining the H2O concentration in magmas
with compositions ranging from basalt to rhyolite. These models are derived by global regression
analysis of a broad calibration data set, including plagioclase-bearing experiments conducted under
variable P-T-H2O conditions. In principle, global hygrometers show the advantage to be applicable,
with a certain caution, to very different natural crystallizing systems. On the other hand, it is not an
easy task to quantify the calibration error caused by the use of experimental data lacking accurate H2O
measurements and/or well represented alkaline compositions. In this context, we have quantified
the error propagation effects caused by the application of previous hygrometers from the literature
with the calibration test and MELTS data sets from this study (Figure 3, Table S1). The models of
Putirka [16] and Lange et al. [17] predict with a fairly good accuracy the H2O content of both MELTS
and calibration data sets, although they tend to overestimate the H2O content of the test data set
comprising the experiments on trachyandesitic, trachytic and trachyphonolitic melts from the literature.
Overall, the errors of H2O estimate are 1.92 and 2.00 wt. %, respectively for models [16] and [17]
(Figure 3a,b), thus resulting higher than their original calibration errors of ±1.10 and ±0.32 wt. %,
respectively. In contrast, the model of Waters and Lange [18] underestimates systematically the H2O
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content, particularly for H2O concentrations up to 8 wt. %. The error of the H2O estimate of the
model [18] is 1.84 wt. %, being invariably higher than the original calibration error of ±0.35 wt. %.
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4. Application of the Plagioclase-Liquid Hygrometer

The plagioclase-liquid hygrometer from this study has been applied to natural latitic and trachytic
products erupted over the last 1000 years at the La Fossa cone of Vulcano Island, which represents
the exposed summit of a volcanic edifice sited in the southernmost sector of the Aeolian archipelago
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(southern Tyrrhenian sea). The La Fossa cone (~5.5 ka–1890 AD) built up during the last of the six
main stages that characterized the volcanic activity of Vulcano Island and stands in the middle of the
La Fossa caldera, representing the dominant morphostructural feature in the northern sector of the
island [46]. The most recent 1:10,000 scale geological map of Vulcano Island by De Astis et al. [47] is
based on the stratigraphic principles of unconformity-bounded units. In this context, the different
eruptive cycles that characterized the La Fossa cone in the past 1000 years can be all ascribed to the
lithesome of Gran Cratere di La Fossa. Di Traglia et al. [32] grouped these eruptive cycles into two
Eruptive Clusters (EC), namely the Palizzi-Commenda-EC and the Gran Cratere-EC. The lowermost
Palizzi-Commenda-EC includes the lava flows of Punte Nere (1170 ± 20 AD), Palizzi (1230 ± 20 AD)
and Commenda (1250 ± 100 AD). Conversely, the uppermost Gran Cratere-EC comprises the lava flow
of Pietre Cotte (1739 AD) and products of the 1888–90 eruption (Figure 4a). The presence of products
with different degrees of evolution within each single eruptive episode and the widespread occurrence
of heterogeneous magmatic enclaves testify to the development of a compositionally and thermally
zoned magma storage system [48]. Polybaric and polythermal crystallization phenomena have been
also envisaged for the plumbing system of Vulcano island [29,47,49], in concert with assimilation and
fractional crystallization (AFC) processes [31,32,50,51]. It is apparent from Equation (2) that the new
plagioclase-liquid hygrometer is T-dependent, as for the case of previous feldspar-based hygrometers
from the literature (cf. [15–19]). Therefore, before using this model to predict the H2O concentration of
latitic and trachytic magmas erupted at La Fossa, the crystallization temperature of plagioclase has
been determined using an independent approach. Given the cotectic crystallization of plagioclase and
clinopyroxene experimentally observed for trachytic products [22], we can reliably obtain the mineral
saturation temperature using the clinopyroxene-liquid thermometer of Masotta et al. [22] specific to
alkaline differentiated magmas. It should be noted that this clinopyroxene-liquid thermometer is
slightly sensitive to the H2O content in the melt, so that a variation of 1 wt. % H2O (within a range
0–4 wt. %) translates into a temperature change of less than 10 ◦C. This change, however, is very
small (being lower than the standard deviation for the clinopyroxene populations examined; Table S2)
and corresponds to an error of H2O estimate of less than 0.25 wt. %. The clinopyroxene-liquid
thermometer was thus applied to clinopyroxene phenocryst, glass and bulk rock analyses from
the literature [28,29,49], after a careful selection of mineral-liquid pairs that satisfy the criteria of
chemical equilibrium. Indeed, to minimize the error of temperature estimates, only compositional data
yielding ∆DiHd values of less than 0.1 were selected. The ∆DiHd model is based on the difference (∆)
between diopside + hedenbergite components predicted for clinopyroxene via regression analyses of
clinopyroxene-melt pairs in equilibrium conditions, with those measured in the analyzed crystals [52].
∆DiHd equals zero only at thermodynamic equilibrium, but values lower than 0.1 may, with caution,
attest near-equilibrium crystallization (cf. [53]). Hence, by assuming a melt-H2O content of 2 wt. %,
we inferred average crystallization temperature of 1025 ± 13 ◦C and 1008 ± 12 ◦C for the latitic and
trachytic magmas, respectively. These values are in general agreement with previous estimates based on
both thermobarometry and melt inclusion analyses [28–31]. For the H2O estimates, we used literature
data from Nicotra et al. [49] after testing that the average temperatures of 1025 and 1008 ◦C effectively
minimize the difference (∆An < 0.1 mol.%) between An in plagioclase predicted by the equilibrium
model of Namur et al. [36] and the natural compositions of phenocrysts. Results from calculations are
plotted in Figure 4b showing that the overall concentration of H2O in latitic and trachytic magmas
is comprised between ~2.5 and ~3.5 wt. % (Table S3). These estimates are slightly higher than those
from melt inclusion data for latitic and trachytic products, ranging from 0.8 to 1.9 wt. % H2O [30,31].
It should be noted, however, that the entrapment of the melt inclusions may represent an early stage
of crystallization and that the overall increase of the H2O content in the melt is consistent with the
ongoing differentiation of magmas at shallow depths, owing to an increase of H2O solubility during
the evolution of magma from latite to trachyte to rhyolite [38]. This discrepancy is reconciled by
considering the melt inclusion study of Gioncada et al. [31] that illustrates the decrease in pre-eruptive
H2O content is caused by an open-system differentiation of alkaline differentiated magmas, in concert
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with abundant volatile exsolution. Rationally, with respect to basaltic magmas stored at high depths
(P > 600 MPa; [29,49]), the crystallization of latitic and trachytic magmas takes place at shallower
crustal levels (P < 100 MPa) under H2O saturated and/or oversaturated conditions [48]. This is also
confirmed by the negative correlation between sulfur content in melt inclusions and the degree of
evolution between basalt to trachyte [31], in response to preferential sulfur partitioning into the vapor
phase during magma degassing at low-P conditions [54]. The comparison between isotope data of
Paonita et al. [26] and Mandarano et al. [27] provides also that 4He/3He signatures of gases in the
fumarole system of the La Fossa cone record volatile flushing phenomena from deep-seated basaltic
magmas towards shallower latitic reservoirs. The analysis of melt inclusions and secondary fluid
H2O–CO2 inclusions in quartzitic xenoliths from the 1888–1890 AD products [30] confirms that latitic
reservoirs may evolve towards rhyolites by clinopyroxene + plagioclase fractional crystallization at
very low P and T conditions of 0.3–0.6 MPa and 1000–1030 ◦C, respectively.
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Figure 4. (a) Map of the La Fossa cone reporting the distribution of lava flows (orange) and pyroclastic
products (green) emplaced during the main eruptive cycles in the last 1000 years; the inset panel
reports a sketch map of the Aeolian archipelago (modified after De Astis et al. [47]). (b) Range of H2O
content determined for latitic (LAT) and trachytic (TR) magmas erupted during the major eruptions
that occurred in the last 1000 years of activity at La Fossa; H2O estimates from melt inclusions are
reported for comparison (see text for details).

5. Conclusions

A new empirical plagioclase-liquid hygrometer specific to trachytic magmas has been calibrated
using plagioclase-saturated experiments, where the H2O concentration in the quenched glasses has been
determined based on FTIR measurements. The model considers the exchange reaction of the anorthite
component between plagioclase and liquid, as well as the albite component in plagioclase and the
alkali fraction in the melt, yielding to a calibration uncertainty of only ±0.29 wt. % H2O. The reliability
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of the hygrometer is demonstrated through the examination of a large test data set consisting of
both experimental and thermodynamically derived plagioclase-liquid pairs. The hygrometer has
been applied to natural products, including latitic and trachytic magmas erupted over the last
1000 years at the La Fossa cone of Vulcano Island. Estimations of the H2O content in these magmas
indicate that alkaline magmas undergo open-system differentiation under strong degassing conditions,
thus corroborating previous observations from melt inclusion studies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/9/6/375/s1,
Table S1: Major element composition of glasses and plagioclases of calibration and test experimental datasets
(see text for details), Table S2: Major element composition of natural clinopyroxenes (data from [28,29]) and
clinopyroxene-liquid thermometric calculations (according to [22]); Table S3: Major element composition of natural
plagioclases (data from [49]) and application of the new plagioclase-liquid hygrometer.
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