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Abstract

We present a K-feldspar-liquid hygrometer specific to alkaline differentiated magmas that is
calibrated through the regression analysis of sanidine and anorthoclase crystals coexisting with
trachyte and phonolite melts. Partial-regression leverage plots were used to determine the minimum
number of regression parameters that closely describe the variance of the dataset. The derived
model was tested using K-feldspar—liquid pairs not included into the calibration dataset in order to
address issues of systematic errors. When K-feldspar and plagioclase crystals coprecipitate from the
same alkaline liquid under identical P-T-X-fO,-H,O conditions, the ability prediction of the new
hygrometer is comparable to that of previous plagioclase—liquid models. To minimize the error of
H,O estimate caused by the inadvertent use of disequilibrium data in natural samples, we have also
calibrated a new test for equilibrium based on Or—Ab exchange between K-feldspar and coexisting
melt. As an immediate application for both equilibrium and hygrometer models, we used as input
data K-feldspar—liquid pairs from alkaline explosive eruptions at the Phlegrean Fields. The
estimates of H,O dissolved in natural trachyte and phonolite magmas closely match those
determined by melt inclusion analysis and H,O solubility modeling. This leads to the conclusion
that our new models can significantly contribute to a better quantitative characterization of the H,O

content in differentiated alkaline magmas feeding large-volume explosive eruptions.
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1. Introduction

Over the years, several hygrometers have been constructed using plagioclase-liquid
exchange between anorthite and albite components (Housh and Luhr 1991; Putirka 2005, 2008;
Lange et al. 2009). These models are widely applied because of the ubiquitous crystallization of
plagioclase in basalts through rhyolites over a large range of temperatures, pressures, and H,O
concentrations. However, in alkaline differentiated magmas, the stability of plagioclase is
drastically reduced or suppressed due to abundant K-feldspar crystallization. For example, the
plagioclase:K-feldspar ratio in trachytes is 1:10 or even lower, whereas plagioclase is frequently
lacking in phonolites (e.g., Ablay et al., 1995; Fulignati et al., 2004). Under crustal pressures (0.1-
0.3 GPa), K-feldspar typically equilibrates at temperatures lower than those of olivine,
clinopyroxene and magnetite, but H,O exsolution from 7 to 2 wt.% increases the K-feldspar first
appearance from 800 to 925 °C (Andujar et al., 2010). The overall crystal content of trachytic and
phonolitic magmas remains lower than 7 wt.% until K-feldspar crystallizes and then the crystallinity
increases up to 50 wt.% due to prevalent K-feldspar formation (Andujar et al., 2008, 2010; Andujar
and Scaillet 2012). As a result, the magmatic system undergoes important chemical and physical
changes and the amount of H,O dissolved in magma drastically increases (Fowler et al., 2007),
potentially leading to violent explosive eruptions and voluminous caldera-forming events (e.g.,
Pappalardo et al., 2008; Palladino et al., 2014).

Since H,O is one of the most important parameters setting the stage for highly explosive
eruptions, we present in this study a new K-feldspar—liquid hygrometer specific to alkaline
differentiated magmas. The calibration dataset consists of sanidine and anorthoclase in equilibrium
with trachytic and phonolitic liquids. Tests performed on a sample population of the dataset
demonstrate the reliability of the new hygrometer in predicting melt-H,O contents. To minimize the
error of estimate caused by the accidental use of disequilibrium data, a new equilibrium model
between K-feldspar and coexisting liquid has been also calibrated and tested. Both the new

hygrometer and equilibrium models are reported into a spreadsheet available online as



supplementary material. Application to explosive eruptive products at the Phlegrean Fields provides
values that closely match with H,O contents measured in melt inclusions and through the modelling

of H>O solubility in trachytic and phonolitic magmas.

2. Dataset, component calculation and regression strategy

The dataset used to calibrate both the new hygrometer and equilibrium models consists of
K-feldspar—liquid pairs obtained through phase equilibrium experiments on alkaline differentiated
magmas (Table 1EA). Experimental data from previous studies encompass the range of conditions
P=0.05-0.30 GPa, T=725-950 °C, H,0=2.7-9.5 wt.% and fO,=QFM-NNO+1.5 (i.e., Fabbrizio and
Carroll 2008; Andujar et al. 2008, 2010; Andujar and Scaillet 2012; Masotta et al., 2013). On the
whole, the calibration dataset comprises a wide range of trachyte and phonolite melts (SiO,= 57-69
wt.% and Na,0O+K,O = 10-16 wt.%; Fig. la) in equilibrium with sanidine and anorthoclase
feldspars (Abie.71, Ang.12 and Oryg.g4; Fig. 1b).

Component calculations were performed following the procedure reported by Putirka (2008).
Liquid components have been treated as cation fractions of the oxides SiO,, TiO,, AlO; s, FeO,
MnO, MgO, Ca0O, NaOys, KOs, and PO,s. The H,O content was excluded from the calculation
and was added to the models in units of wt.%. The amounts of K-feldspar components were
calculated from cation fractions as An*®™ = [Ca/(Ca + Na + K)]**, Ab*® = [Na/(Ca + Na + K)]*®, and
Or® = [K/(Ca + Na + K)|*®,

A number of regression analyses were performed to derive new and more precise
hygrometer and equilibrium models. The dependent variable was plotted versus the cation fractions
of both liquid and feldspar with the aim to capture regression parameters with the highest degrees of
correlation (Table 1). As a result of these plots, we selected independent variables with high
correlation coefficients (R) and low standard errors of estimate (SEE) (Table 2). To improve the
model prediction, more complex and statistical significant independent variables for liquid, K-

feldspar and K-feldspar-liquid exchange were also considered for the multiple linear regression



analysis, e.g., In[Six(Ti+Mg)]"™, In[(SixCa)/(Fe+Ca)*]** and In[(Or*)*"/(CaxK)"] (Tables 1 and 2).
This made possible to obtain regression slope and intercept for calculated versus measured values
that most closely approach to one and zero, respectively. The predictive model was developed
including only those independent variables that closely described the variance of the dataset (cf.
Putirka et al. 1999), whereas all variables producing data overfitting were removed from the
regression analysis (Jefferys and Berger 1992; Ratkowsky 1990). Therefore, parameters used for the
multiple linear regression analysis were the minimum number of independent variables required to
explain the observed variability (Table 2). Through the statistical formula for the standardized
regression coefficient, we also determined the influence of each independent variable on the ability
prediction of the model; specifically, the standardized regression coefficient equals to the standard
deviation of the independent variable (Table 1) multiplied by the standard deviation of the
dependent variable (Table 1) and divided by the regression coefficient of the independent variable
(Table 2).

The new hygrometer was tested by means of two independent datasets not included into the
original calibration dataset (Table 1EA). The first dataset consists of phase equilibrium
compositions subtracted to the calibration dataset and obtained in laboratory by the same authors
(i.e., Fabbrizio and Carroll 2008; Andujar et al. 2008, 2010; Andujar and Scaillet 2012; Masotta et
al., 2013). The second dataset comprises K-feldspar—liquid pairs recovered through MELTS
(Ghiorso and Sack, 1995) numerical simulations that were carried out at P-T-H,O-fO, conditions
comparable to those of laboratory experiments, i.e., 0.10-0.30 GPa, 786-1007 °C, 1.8-8.0 wt.% H,O
and QFM-NNO+0.5 buffers (Table 1EA). This latter test was encouraged by recent studies that
demonstrated a fairly good agreement between phase relationships and compositions predicted by
MELTS and those observed in natural and experimental trachyte and phonolite products (e.g.,
Fowler et al., 2007; Masotta et al., 2010). The MELTS code is based on an independent set of
thermodynamic data for mineral phases and its outputs are the result of thermodynamic algorithms

for detection of phase saturation and energy convergence (e.g., Gibbs free energy minimization;



Ghiorso and Sack, 1995). Conversely, empirical models coincide with the fit of laboratory data that
are used to retrieve statistically significant regression parameters (cf. Putirka 2008). In view of these
very different kinds of calibrations, Armienti et al (2013) suggested that the convergence between
MELTS and empirical models and their independent estimates of melt-H,O contents is a useful test
to assess whether or not both models are internally consistent.

We also determined the error of H>O estimate (EWE) caused by the inclusion of rhyolitic
data that are significantly different from the trachytic and phonolitic compositions recommended for
the new hygrometer. According to previous studies, EWE is expressed as the difference between the
concentration of H,O measured in the melt and that predicted by the model (Putirka, 2008; Masotta
et al., 2013; Mollo et al., 2013). This test is very useful to ascertain the limits of the model and to
evaluate the uncertainty that should be expected by the use of highly evolved K-feldspar-liquid

pairs.

3. Results and discussion
3.1 Calibration, test, and limit of the hygrometer

With respect to the liquid components, i.c., Al'S, Fe'Y, Ca'™ and Na' used for the
calibration of previous plagioclase-liquid hygrometers (i.e., Putirka, 2005, 2008 and Lange et al.,
2009), results from our liner regression fits suggest that Si'%, Ti"@ and Mg"® are more appropriate to
predict the amount of H,O dissolved in differentiated alkaline magmas (Table 1). These regression
data also indicate that Si*", Fe*™ and Ca*™ are the most suitable predictors for K-feldspar
components (Table 1). Noteworthy, the correlation coefficient exhibits a maximum value of 0.55
for the liquid and 0.66 for the K-feldspar when these parameters are expressed as [Si/(TivLMg)]liq
and [(SixCa)/(Fe+Ca)’]*®, respectively (Table 1). For the example of the hygrometer of Putirka
(2005), the introduction of a plagioclase-liquid parameter based on An”, Ca"™ and Na" contributed

to reduce significantly the uncertainty of the model. Due to the different Ca-Na-K proportions in K-

feldspars and alkaline differentiated liquids, this parameter did not offer any improvement for the



regression statistics of the new hygrometer as well as no improvements were found through the use
of single An, Ab and Or parameters (Table 1). Conversely, the new K-feldspar-liquid parameter
based on Or*®, Ca"™ and K" shows a fairly good correlation (R* = 0.63) with the concentration of
H,O in the melt (Table 1). According to the observation of Putirka (2005, 2008), there is a
negligible effect of pressure on H,O prediction (Table 1). In this respect, thermodynamic data of
Lange et al. (2009) indicate a minimal influence of pressure on the solid-liquid exchange reaction
due to the fact that £100 MPa leads to an uncertainty of only +0.1 wt.% H>O. In contrast, the
temperature of the system is highly correlated (R* = 0.51) with the melt-H,O content being one of
the most important predictive factors (Table 1). On the whole, liquid, K-feldspar and K-feldspar-
liquid independent variables are successfully described by the following multiple linear regression

model:

4 , 2\ ifs ) ifs
H,O(wt.%)=—a+b 10 —cIn[Si(Ti + Mg)]" +d In ©r)- );» ol 1€ :
) (CaK)"™ (Fe+Ca)

(Eqn. 1)

Table 2 reports the statistical values and regression coefficients of Eqn. (1). Fig. 2a shows the very
good alignment between measured and predicted H,O values. The standard error of estimate of Eqn
(1) is slightly reduced ~0.4 wt.% H,O with respect to that (SEE = 1.1 wt.% H,0) of models of
Putirka (2005; 2008), but it is still ~0.4 wt.% H,O higher than that (SEE = 0.32 wt.% H,0) of the
model of Lange et al. (2009). The relative effect of predictors on the estimate of melt-H,O
concentration is 32%, 27%, 23% and 18% for temperature, liquid, K-feldspar-liquid and K-feldspar,
respectively. Therefore, 68% of the predictive power of the hygrometer is due to the effect of liquid
and K-feldspar components, excluding the possibility that estimates from Eqn. (1) are heavily

controlled by the temperature of the system (cf. Mollo et al., 2011a).



In order to verify the accuracy of Eqn. (1), K-feldspar-liquid pairs from experiments and
MELTS simulations not included into the calibration dataset were used as test compositions (Table
1EA). Results from the regression analysis indicate that the new hygrometer successfully
reproduces the melt-H,0 content. Moreover, R* and SEE calculated for both experimental (Fig. 2b)
and MELTS (Fig. 2c) datasets exhibit almost identical values. This finding ensures that (1) no
systematic overestimates or underestimates were due to mis-calibration and (2) the number of
model parameters did not cause data overfitting. As an additional test, we have also recalibrated
Eqn. (1) through the global regression analysis of both calibration and test data (Fig. 2d). The
predictive power of the model is weakly improved and the uncertainty slightly decreases from 0.75
to 0.53 wt.% H,O (Table 2). However, regression-derived coefficients of the recalibrated Eqn. (1)
do not differ significantly from those of the original calibration (Table 2), suggesting that the
hygrometer is consistent with K-feldspar and liquid compositions obtained in laboratory and those
derived by MELTS thermodynamic standard-state reactions.

One of the most important limitations of models obtained through regression analysis of
empirical data is represented by the P-T-X-H,O bounds of the calibration dataset (Putirka, 2008;
Mollo et al., 2010a, b). In this view, Masotta et al. (2013) observed how the use of models outside
their calibration bounds produces uncertainties that are sometimes very large. To assess the extent
of this limitation, we have used as input data for the new hygrometer experimental sanidine and
anorthoclase crystals (Ang.;s, Abjg.74, and Orys.g3) in equilibrium with rhyolitic liquids (SiO, = 70-
77 wt.% and Na,O+K,0 = 5-11 wt.%) at P=0.02-0.15 GPa, T=678-925 °C, H,0=0.41-7.94 wt.%
and fO,=QFM-NNO+2 (Scaillet and MacDonald, 2003; Di Carlo et al., 2010; see Table 2EA). Fig.
3 shows EWE calculated for each K-feldspar-liquid and plotted versus the corresponding rhyolitic
liquid composition expressed as [Si/(Na+K)]"%. As a term of comparison, EWE calculated for
trachytic and phonolitic compositions from the test dataset is also plotted in Fig. 3. Generally, EWE
progressively increases with increasing [Si/(Na+K)]" (Fig. 3) due to the fact that in the NaA1SiO4-

KA1Si04-Si0,-H,0 system (Bowen, 1937; Hamilton and MacKenzie, 1965) a trachytic magma can



evolve either towards phonolite or alkaline rhyolite producing undersaturated and oversaturated
liquids, respectively. The uncertainty measured for trachytic and phonolitic magmas is rationally
low (EWE = 0.01-1.44 wt.% H,0), but rhyolitic compositions leads to strong overestimates (EWE
= 1.40-11.50 wt.% H,0) that can be two times higher than the maximum solubility of H,O (i.e. ~5.2
wt.%; Holtz et al., 2001). This leads to the conclusion that caution must be taken in using K-

feldspar-liquid pairs different from those of the calibration dataset of the new hygrometer.

3.2 Plagioclase—liquid versus K-feldspar—liquid hygrometer

The new hygrometer faithfully predicts the amount of H,O dissolved in phonolitic and
trachytic magmas and, in principle, the estimate must be consistent with that obtained using
plagioclase hygrometer, whenever both plagioclase and K-feldspar coprecipitate from the same host
magma. To test this hypothesis, we must be certain that plagioclase and K-feldspar are
simultaneously crystallizing over the effect of identical P-T-H,O-fO, conditions. This is made
possible by the selection of MELTS runs in which plagioclase and K-feldspar coexist at the
thermodynamic equilibrium (see Table 3EA). These feldspar-liquid pairs were used as test data for
the plagioclase-liquid hygrometers of Putirka (2005, 2008) and Lange et al. (2009), as well as for
the new K-feldspar—liquid hygrometer from this study. Note that we do not present results from the
hygrometer of Putirka (2005) due the fact that the author found a systematic overestimate of ~1.3
wt.% H,0O compared with the more precise equation of Putirka (2008). The use of plagioclases from
trachytic and phonolitic magmas as test data for the model of Lange et al. (2009) reveals some
discrepancies between measured and calculated H,O contents. Fig. 4a shows that the linear
regression analysis yields lower correlation coefficient and higher uncertainty (R* = 0.72 and SEE =
1.15 wt.% H,0) with respect to the good calibration statistics obtained by the authors (R* = 0.98
and SEE = 0.32 wt.% H,0). Similar correlation coefficient and uncertainty (R*> = 0.80 and SEE =
1.10 wt.% H,O; Fig. 4a) are also recovered for the model of Putirka (2008) although its original

calibration statistics (R* = 0.92 and SEE = 1.10 wt.% H,0) are inferior to those of the hygrometer



of Lange et al. (2009). Therefore, the ability prediction of both plagioclase-liquid hygrometers is
virtually identical for alkaline differentiated magmas, irrespective of the very different calibration
strategy adopted by the authors to derive their models. Moreover, Fig. 4b shows that the statistics of
predicted versus measured values of Eqn. (1) do not differ from those of previous hygrometers,
showing only little improvements (R* = 0.82 and SEE = 0.94 wt.% H,0). This means that the
predictive power of the K-feldspar-liquid hygrometer is comparable to that of plagioclase-liquid
models derived by Putirka (2008) and Lange et al. (2009) through the use of phase equilibrium
experiments and standard-state thermodynamic data, respectively. Clearly, the advantage in using
our model is due to the scarcity of plagioclase in alkaline differentiated products that makes very
difficult to obtain a number of statistically significant H;O estimates (Andujar et al., 2008, 2010;
Andujar and Scaillet 2012). The formation of plagioclase is also frequently suppressed in phonolites
that, in turn, contain abundant K-feldspar phenocrysts (e.g., Ablay et al., 1995; Fulignati et al.,

2004).

3.3 K-feldspar—liquid equilibrium model

A crucial issue for mineral-liquid thermometers, barometers and hygrometers is undoubtedly
the achievement of equilibrium between natural crystals and their host melts (Mollo et al., 2011a;
Mollo and Masotta 2014). In the case of olivine and clinopyroxene, petrologists frequently test for
equilibrium by means of the almost constant value of ** 'K dg,.y, (Roeder and Emslie 1970; Putirka
et al. 2003). More accurate equilibrium models were also derived for clinopyroxene through the
difference between components predicted for clinopyroxene via regression analyses of equilibrium
clinopyroxene-liquid pairs, with those measured in the analyzed natural crystals (Putirka 1999,
2008; Mollo et al. 2013). For plagioclase, Putirka (2008) pointed out that P*"Kdo,.ap is too
dependent on the crystallization conditions of the system to be a useful test for equilibrium but he
found good results for P¢"Kdp.an. This model has been also successfully tested to predict

equilibrium crystallization of plagioclase from alkaline and calc-alkaline magmas (Mollo et al.,



2011b, 2012; Lanzafame et al., 2013). According to the early finding of Putirka (2008), we have
examined the behaviour of both Ab-An and Or-Ab exchange between K-feldspar and liquid.
Contrary to what was observed for plagioclase, the relatively low amount of An in K-feldspar
makes ““"Kdap.an unsuitable to test for equilibrium, whereas the abundance of Or and Ab

components allows to successfully calibrate the following regression model:

lig 2 ks
blisgd =a+d 0’; veln| —9
(Or*)% (Or + Ab)

(Eqn. 2)

Fig. 5a shows the good alignment between measured and predicted ““"Kdo,.ap values, in
agreement with the regression coefficients reported in Table 2. The effect of the independent
variables on Kdor.ap is almost equivalent and close to ~50% for each single parameter. As for the
case of hygrometer, we verified the accuracy of Eqn. (2) by means of compositions not included
into the calibration dataset and coming from phase equilibrium experiments and MELTS
simulations (Table 1EA). Most of the K-feldspar-liquid pairs obtained in laboratory are captured by
Eqn. (2) suggesting near-equilibrium crystallization conditions for the experimental charges (Figs.
5b). Although **"Kdo,.Ap, from MELTS simulations are relatively low due to the fact that the
algorithm does not account for the formation of anorthoclase, Eqn. (2) performs well with the
thermodynamically-derived sanidine and liquid compositions (Fig. 5c). Given the convergence
between our equilibrium model and MELTS data, the recalibrated Eqn. (2) shows regression-

derived coefficients comparable to those of the original model (Fig. 5d and Table 2).

4. Application to the natural case study of Phlegrean Fields
The Phlegrean Fields (Italy) is one of the most dangerous volcanic complexes on Earth,

owing to the intense urbanization within the caldera and its surroundings. The volcanic rocks



include compositions prevalently from shoshonite to peralkaline phonolite, with trachyte and alkali-
trachyte as the most abundant (Pappalardo et al., 1999 and references therein). Different hypothesis
have been proposed to explain the dynamics of the plumbing system, but the most recent suggest
uprising of felsic liquids from a large, zoned magmatic reservoir (e.g., Pappalardo and
Mastrolorenzo, 2012). Results from least-squared mass-balance calculations indicate that these
evolved liquids formed through fractional crystallization from a more mafic parental magma, likely
emplaced at 8 km depth (D’Antonio 2011). Seismic reflections corroborates the presence of a
seismic discontinuity at 7.5 km in depth, whose seismic velocities are consistent with values
expected for a magma body set in a densely fractured volume of rock (Zollo et al., 2008). Generally,
melt inclusion data predict crystallization temperatures of magmas between 870 and 1080 °C
(Fulignati et al., 2004; Marianelli et al., 2006). Thermometers specific to alkaline differentiated
melts estimate crystallization temperatures for clinopyroxene in the range 884-983 °C (Masotta et
al., 2013), whereas slightly lower temperatures of 840-960 °C are calculated by means of feldspar-
liquid equilibria (Fedele et al., 2009).

To estimate the amount of H,O dissolved in trachyte and phonolite magmas at the Phlegrean
Fields, we have collected from literature a number of K-feldspar—liquid pairs representative of the
caldera-forming eruptions of the Campanian Ignimbrite (CI) and Neapolitan Yellow Tuff (NYT),
and some most recent eruptions (RE) occurred between 15 and 3.8 ka ago (Melluso et al., 1995;
Orsi et al., 1995, Civetta et al., 1997; D’Oriano et al., 2005; Piochi et al., 2005, 2008; Fedele et al.,
2008; Pappalardo et al., 2008; Fourmentraux et al., 2012). We have also integrated the dataset with
additional analyses from this study (see Table 4EA for the whole dataset and the analytical
conditions). Samples were grouped as pre-CI, CI, post-CI, NYT, and RE and were tested for
equilibrium using Eqn. (2). Fig. 6a shows that the majority of compositions approach to the
equilibrium one-to-one line, whereas a number of data from CI, NYT, and RE monotonically
deviate from the equilibrium condition. The compositions plotting within 10 % of the one-to-one

line yield fairly constant H,O predictions that are assumed as reliable estimates (Fig. 6a). After the



screening of disequilibrium data, we have used Eqn. (1) to estimate the melt-H>O content at 825 °C
that is the optimum crystallization temperature of K-feldspar predicted by thermodynamic
modelling (Fowler et al., 2007). Considering that the uncertainty of our new hygrometer is ~0.7
wt.% HO, all of the magmas at the Phlegrean Fields show comparable H,O contents (Fig. 6b).
However, we found ~4 wt.% range of H,O contents in magma feeding pre-CI, CI, and post-CI
eruptions, whereas the range lowers to ~2 wt.% H,O for the NYT and RE products (Fig. 6b). These
estimates agree with melt inclusion data suggesting H,O concentrations between 3 and 6 wt.% for
the original undegassed magma (Signorelli et al., 2001; Marianelli et al., 2006; Cannatelli et al.,
2007; Mangiacapra et al., 2008; Esposito et al., 2011). Our predictions account also for the
occurrence of multiple discrete populations of feldspar and glass in a single eruptive unit testifying
to the heterogeneity of the magmatic system (cf. Mollo and Masotta 2014). Generally, magmas
emplaced in the upper crust and feeding voluminous, explosive eruptions have a complex and
protracted evolution (e.g., Bachmann and Bergantz, 2006). Under such circumstances, even fairly
homogeneous eruptions may show ~2 wt.% range of H,O caused by different processes, such as
crystallization and depressurization at vapour-saturated conditions, closed system-degassing, and
periodic gas fluxing from a subjacent more mafic reservoir (Bachmann et al., 2009). The higher
melt-H,O contents measured for magmas at Phlegrean Fields may reflect H,O-saturated conditions
prior to eruption. Thermo-dynamical models (Pappalardo et al., 2008) and experiments (Fabbrizio
and Carroll, 2008) have demonstrated that H,O-saturated magmas are capable of generating critical
conditions of over-pressurisation in the chamber. Using the model of Papale et al. (2006), we have
determined that the maximum H,O solubility for the most evolved glass composition is 6.14 wt.%,
in agreement with the highest H,O content of 6.05 wt.% predicted by our hygrometer (Fig. 6b).
Conversely, the relatively low concentration of H,O measured in some melt inclusions and
recovered by the new hygrometer may be the consequence of eruption-induced decompression
events. As pressure is released during eruption, the volatile saturation level will drop deeper in the

magmatic column, depleting magmas in volatiles (Bachmann et al., 2011 and references therein).



The amounts of dissolved H,O in primitive CI melt inclusions (<3 wt.% H,0O) and matrix glasses
(<1 wt.% H,0) indicate strong H,O degassing during ascent from the magma chamber toward the
surface, with remarkable gas loss at shallow depths (1.1-1.6 km) and in the conduit (<0.8 km)
(Pappalardo and Mastrolorenzo, 2012 and references therein). The empirical model of Papale et al.
(2006) predicts that the solubility of H,O in magma increases from 4.10 to 6.14 wt.% as the
temperature decreases from 1150 to 850 °C at 0.15 GPa. MELTS runs performed by Fowler et al.
(2007) at the same pressure corroborate these predictions, emphasizing that CI magma is H,O-
saturated at 1127 °C and 4.4 wt.% H,0, and that the dissolved H,O content continues to increase at
the rate of 1 wt.% H,O per 50 °C as heat is extracted and crystals precipitate. While H>O-poor
primitive melt inclusions are entrapped in olivine and clinopyroxene at relative high temperatures
(1230 and 1160 °C, respectively), K-feldspar forms at the late stage of differentiation (<880 °C)
under increasing H,O concentration conditions (Fowler et al., 2007). In fact, the crystallization of
K-feldspar coincides with a pseudo-invariant point where the fraction of melt remaining in the
system significantly decreases from 0.5 to <0.1 leading to changes in the chemical composition
(namely, dissolved H,O content), and physical state (density, viscosity, volume fraction fluid) of the
magma, possibly setting the stage for highly explosive eruptions (Fowler et al., 2007). This
behaviour clearly remarks the importance of K-feldspar—liquid hygrometers for deciphering the
evolution of H,O in alkaline differentiated magmas prior to the onset of voluminous, caldera-

forming eruptions.

Conclusions

We have calibrated and tested a new K-feldspar—liquid hygrometer through the regression
analysis of a dataset that strictly reproduce the compositional variability of alkaline differentiated
magmas in nature. The new test for equilibrium presented in this study is also able to filter existing

experimental data in order to minimize the error of estimate. To validate our models with, we have



estimated H,O dissolved in eruptive products at the Phlegrean Fields. Results are consistent with

those obtained by means of melt inclusion analysis and H,O solubility modelling.
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Figure captions
Fig. 1. Total alkali versus silica diagram (a) and ternary phase diagram for the system Or-Ab-An (b)

showing liquids and K-feldspars from the alkaline dataset, respectively.



Fig. 2. Eqn. (1) was calibrated through the regression analysis of experimental data (a) and then was
tested by using experimental compositions external to the calibration dataset (b) as well as
thermodynamic compositions from MELTS runs (c). The ability prediction of Eqn. (1) recalibrated

by using both experimental and MELTS data does not differ from that of the original model (d).

Fig. 3. The error of water estimate (EWE) due to the use of Eqn. (1) increases with increasing
[Si/(Na+K)]". While K-feldspar—liquid pairs from trachytes and phonolites show relatively low
EWE, this does not apply to rhyolites characterized by the occurrence of compositionally different

K-feldspar—liquid pairs that are external to the calibration dataset.

Fig. 4. We used as test data for previous plagioclase-liquid hygrometers of Putirka (2005, 2008) and
Lange et al. (2009) (a) and for the new K-feldspar-liquid hygrometer (b), MELTS runs in which
both plagioclase and K-feldspar coprecipitated from the same alkaline liquid under identical P-T-X-
H,O conditions. Results demonstrate that our model offers the same accurate predictions measured
for other hygrometers with the advantage that K-feldspar is the most abundant and H,O-sensitive

phase in trachyte and phonolite products.

Fig. 5. "® K do,.4p is a new test for equilibrium, i.e., Eqn. (2), based on Or-Ab exchange between
K-feldspar and liquid (a). The accuracy of Eqn. (2) has been tested by using as input data some
experimental compositions external to the calibration dataset (b) and thermodynamic compositions
from MELTS runs (c). The ability prediction of Eqn. (2) recalibrated by using both experimental

and MELTS data does not differ from that of the original model (d).

Fig. 6. K-feldspar—liquid pairs from products of the Phlegrean Fields were used as input data for our

new models. First, we have tested for equilibrium through Eqn. (2), assuming as reliable the



compositions plotting within 10 % of the one-to-one line and yielding almost constant H,O
predictions (a). Second, after the screening of disequilibrium data, we have used Eqn. (1) to
estimate the melt-H,O content (b). Our estimates are consistent with results from H,O solubility
modelling and a number of previous melt inclusion data measuring comparable H,O concentrations
for both primitive and more evolved magmas. Pre-CI: pre-Campanian Ignimbrite eruptions. CI:
Campanian Ignimbrite eruption. Post-Cl: post-Campanian Ignimbrite eruptions. NYT: Neapolitan

Yellow Tuff eruption. RE: recent eruptions.
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Table 1. In order to find regression parameters with high correlation coefficients (R) and low
standard errors of estimate (SEE), the concentration of H,O dissolved in the melt is compared with
the cation fractions of both liquid and feldspar components. The same strategy is used for the Or-Ab
exchange between K-feldspar and liquid, i.e., “®"“Kdor.ap. The value of +lo refers to the
uncertainty of the intercept and slop calculated for the regression equation, whereas sd refers to the
standard deviation of both dependent and independent variables. Liq = liquid. Kfs = K-feldspar.

Dependent Independent

Parameter R’ SEE Intercept +lc  Slope =lo Sd
variable variable
P P 001 205 488 084 252 438  0.08
T 10T 051 144 -1281 291 148 024  0.99
-In(Si) 027 176 1852 360 -21.86 595 (05
-In(Ti) 0.53 141  -10.64 248 260 040 (57
-In(Al) 0.00 206 38 1094 094 699 (05
-In(Fe) 0.00 206 502 148 006 030 112
-In(Mg) 0.58 134  -1223 247 291 041 (50
-In(Ca) 0.07 199 220 1.97 073 046 (70
Liq -In(Na) 0.00  2.06 5.14 2.43 0.10 1.19 0.28
-In(K) 0.07 199  -097 379 234 141 (24
-In(SiMg) 063 126 -11.13 210 3.04 039 053
-In[Si(Ti+Mg)] 066 121 -1659 261 3.67 044 045
An 007 198  6.31 0.65 -12.82 745  0.04
Ab 0.03  2.03 3.56 173 292 280 0.12
Or 0.03 203 1688 1126 -10.00 9.74  0.03
H,0 -In(Si) 024 1.80 4460 1159 -73.44 2166 0.01
(sd=2.14) -In(Al) 001 205 -291 1519 527 971  0.04
-In(Fe) 046 151  -805 238 245 043  0.56
-In(Ca) 0.18 1.86 -1.05 223 129 045 0.8
-In(Na) 0.01 205 420 1.63 045 064 052
Kfs -In(K) 0.17 1.8  9.94 173 -1.90 070 043
In(Si/Fe?) 047 150  -738 224 122 021 1.14
In[(SiCa)/(Fe+Ca)*] 059 132  -553 151 326 045 048
An 027 176  7.06 054 -3849 1032 0.03
Ab 0.06 200 647 084 -246 167 0.19
Or 010 196 375 086 323 163 0.19
In[(Or})*&/K"19)] 0.40  1.60 166 079 396 080 032
In[(OrY)*®/(CaK)"] 063 125 -595 143 211 026 0.77
Kfs-lig In(An*®/An"?) 0.02  2.04 5.18 037 028 031 1.07
In(Ab*®/Ab"™) 011 195 4.62 046 203 096 033
In(Or*®/0r'"?) 0.16 1.89 7.01 070 -1.77 0.67  0.46
Misliog g0 Kfs-lig or'/(or'*y? 095 074 061 0.5 036 001 087

(sd=3.06)  Kfs -In[Or*/(Or+Ab)] 095 0.69 -1.66 023 344 013 843




Table 2. We report results from multiple linear regression analyses conducted on experimental data to calibrate a new K-feldspar-liquid hygrometer,
i.e., Eqn. (1), and a new equilibrium model for **"Kdo.p, i.c., Eqn. (2). As a term of comparison, we also report the regression parameters derived
for Eqns. (1) and (2) recalibrated through the regression analysis of experimental and MELTS data that were used to test the models and were not
included into the original calibration dataset. The correlation coefficient (R) and standard error of estimate (SEE) do not show substantial variations
for both the original and recalibrated models.

Dependent

Eqn. variable Intercept Independent variable R’ SEE
Temperature Liquid K-feldspar-liquid K-feldspar
a +lo b +lo c +lo d +lo e +lo
1) -18.49 1.25 0.86 0.21 0.74 0.57 1.02 0.36 1.03 0.45 0.90 0.75
Recal (1) R0 -19.52 0.88 0.84 0.10 1.23 0.21 0.98 0.16 0.59 0.09 0.90 0.53
2) -0.67 0.18 - - 1.73 0.20 - - 0.20 0.02 0.99 0.34
MK dorap

Recal (2) -0.55 0.06 - - 1.65 0.09 - - 0.20 0.01 0.99 0.20




