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Abstract

We present new thermometers and barometers based on clinopyroxene-liquid equilibria specific to
alkaline differentiated magmas. The new models were calibrated through regression analyses of
experimental datasets obtained by merging phase equilibria experiments from literature with new
experiments performed by using trachytic and phonolitic starting compositions. The regression
strategy was twofold: i) we have tested previous thermometric and barometric equations and
recalibrated these models using the new datasets; 11) we have calibrated a new thermometer and a
new barometer including only regression parameters that closely describe the compositional
variability of the datasets. The new models yield more precise estimates than previous
thermometers and barometers when used to predict temperatures and pressures of alkaline
differentiated magmas. We have tested the reliability of the new equations by using clinopyroxene-
liquid pairs from trachytes and phonolites erupted during major explosive eruptions at the Phlegrean
Fields and Mt. Vesuvius (central Italy). The test yielded crystallization conditions comparable to
those determined by means of melt and fluid inclusion analyses and phase equilibria studies; this
validates the use of the proposed models for precise estimates of crystallization temperatures and
pressures in differentiated alkaline magmas. Because these magmas feed some of the most
voluminous, explosive, and threatening volcanic eruptions in the world, a better understanding of
the environmental conditions of their reservoirs is mandatory and this is now possible with the new

models provided here.

1. Introduction

Clinopyroxene is widespread in igneous rocks and its composition is routinely used to shed
light on the processes of magma generation and crystallization conditions. For this reason, a large
number of thermometers and barometers that use either clinopyroxene composition alone or
clinopyroxene-liquid equilibria are available (Nimis 1995; Nimis and Ulmer 1998; Nimis and
Taylor 2000; Putirka et al. 1996, 2003; Putirka 2008). These models are derived from regression
analyses of experimental data obtained under variable conditions of pressure, temperature and melt
composition; consequently, their precision mostly depends on 1) the quality and number of
experimental data incorporated into or excluded from the calibration dataset (Putirka 2008), and ii)
the compositional bounds of the calibration dataset relative to the natural compositions used as
input data. Nevertheless, even thermometers and barometers calibrated using a large number of
experiments may yield imprecise temperature and pressure estimates of magma compositions that

are not adequately represented in the calibration dataset. The experimental data in published
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literature used to calibrate thermometers and barometers mostly consist of phase equilibria
experiments performed with compositions ranging from basalt to rhyolite, whereas experiments
performed with alkaline differentiated compositions (i.e., phonolite and trachyte) are scarcely
represented in these datasets.

Alkaline differentiated melts are frequently associated with explosive volcanic eruptions
(e.g., Pabst et al. 2008; Fontijn et al. 2010; White et al. 2012) and with caldera-forming events
emplacing large volumes of magma (~10 km®, e.g., Marianelli et al. 2006; Masotta et al. 2010).
Using a combination of geochemical/petrological/geophysical models, a better understanding of the
reservoirs that feed explosive eruptions is now possible. In this regard, clinopyroxene and melt
compositions are readily available and easily analyzable in volcanic rocks, providing valuable
constraints on the state of the magma reservoir at the time of the eruption.

In this study, we have developed new thermometric and barometric models calibrated for
alkaline differentiated magmas (i.e., clinopyroxene-bearing phonolite and trachyte rocks). The
calibration datasets consist of phase equilibria experiments reported in published literature, and
newly performed phase equilibria experiments on phonolitic and trachytic magma compositions.
Thermometric and barometric equations from Putirka et al. (1996) and Putirka (2008) were tested
and recalibrated using the new alkaline datasets, yielding to a significant improvement of their
prediction. Eventually, the regression parameters of the best predictive equations were modified in
order to capture the variability of the alkaline datasets and a new thermometer and barometer were
obtained by new regression analysis.

Tests performed on a sample population of the dataset demonstrate the reliability of the new
thermometric and barometric models in predicting clinopyroxene crystallization temperatures and
pressures in alkaline differentiated magmas. Therefore, in order to provide an immediate
application of the new models, we have used clinopyroxene-liquid pairs from the Phlegrean Fields
and Mt. Vesuvius as input data for the new thermometer and barometer. The new thermometer and
barometer provide reliable estimates of temperatures and pressures, in accordance with those

determined from fluid and melt inclusion data, in addition to phase equilibria studies.

2. Methods
2.1 Starting materials

As starting materials for phase equilibria experiments we have used two volcanic rocks
belonging to different Italian magmatic systems. The first rock is a pumice from the Tufo Giallo
della Via Tiberina explosive eruption (Sabatini Volcanic District, central Italy). This product is K-

phonolitic in composition and is one of the most differentiated, silica-saturated alkaline products in
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central Italy (Masotta et al. 2010; 2012a). The second rock is a lava flow from the Grotta dei Palizzi
(Vulcano island, Aeolian Arc, southern Italy). This sample is trachytic in composition, and is
representative of alkaline differentiated magmas feeding the recent activity of La Fossa Volcano
(De Astis et al. 1997). With respect to the starting materials used in previous experimental studies
(Fabbrizio and Carroll 2008; Andujar et al. 2008, 2010), our phonolite and trachyte are slightly less
differentiated, showing K,O/Na,O ratios of 0.3 and 2.6, respectively (see Table 1).

2.2 Experimental and analytical methods

Approximately 20 g of each of the two starting materials were reduced to powder in an agate
mortar. Each powdered sample was loaded in a Fe pre-saturated Pt-crucible and melted twice in a 1-
atm furnace at 1400 °C for 1 h. Resulting glasses were analysed by scanning electron microscope to
check for homogeneity and presence of crystalline phases. Experiments were conducted in a %4
non-end loaded piston cylinder (“QUICKpress” design by Depths of the Earth Co.) at the
Department of Chemistry and Biochemistry (Arizona State University, USA). All the runs were
performed at 2 kbar by means of 25 mm assemblies specifically designed for low-pressure
experiments (see Masotta et al. 2012b for further details). The fO, imposed by the assembly of the
piston cylinder 1s NNO+2 (Masotta et al., 2012a; 2012b). This value matches with the redox state
frequently estimated for phonolitic and trachytic magmas via geochemical modelling (e.g., White et
al., 2012) or by comparing natural and experimental phase proportions and compositions (Andujar
et al. 2008; Freda et al. 2008). The assembly was cold pressurized to a nominal pressure 10% higher
than that desired for the experiment and kept constant for few minutes. Pressure was then decreased
to 2 kbar and maintained constant for the duration of the experiment and during quench. Phase
equilibria experiments were performed within the temperature range 850-950 °C and 900-1000 °C
for the phonolite and trachyte, respectively (Table 2). The temperature was measured using factory
calibrated K-type (chromel-alumel) thermocouples with an uncertainty of £5 °C. Due to the role
played by both H,O and CO; in alkaline magmas (e.g., Esposti Ongaro et al. 2006), the experiments
were performed using different proportions of the two volatile species. Both species were added
directly into the charge as follows: from 1.5 to 5.36 wt.% of H,O was added with a microsyringe,
whereas from 0.11 to 0.4 wt.% of CO, was added in the form of Ag,CO; powder mixed with the
starting material (Table 2).

Field Emission-Scanning Electron Microscope (FE-SEM) images and electron microprobe
analyses (EMPA) of experimental products were obtained at the HP-HT Laboratory of
Experimental Volcanology and Geophysics (Istituto Nazionale di Geofisica e Vulcanologia, Rome,

Italy) with a JEOL FE-SEM 6500F equipped with an energy dispersive microanalysis system and a
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JEOL-JXA8200 EDS-WDS combined electron microprobe, respectively. The electron microprobe
is equipped with five wavelength-dispersive spectrometers. Glasses were analyzed using 15 kV
accelerating voltage and 10 nA beam current, with a defocused electron beam of 5 pm and a
counting time of 5 s on background and 15 s on peak, whereas for crystals, a beam size of 2 um and
counting time of 20 and 10 s on peaks and background were used, respectively. The following
standards have been adopted for the various chemical elements: jadeite (Si and Na), labradorite (Al
and Ca), forsterite (Mg), andradite (Fe), rutile (Ti), orthoclase (K), barite (Ba), apatite (P) and
spessartine (Mn). Sodium and potassium were analysed before other elements to reduce possible

volatilization effects.

2.3 Liquid and clinopyroxene components

In this study liquid components have been calculated as cation fractions following Putirka
(1999). Conversely, clinopyroxene components have been determined using the procedures
reported in Putirka et al. (1996) and then slightly modified in Putirka (1999). Molecular
components were calculated on the basis of six oxygen atoms and the charge balance equation of
Lindsley (1983) was applied to all the analyses for determining Fe’*. The jadeite (Jd, NaAlSi,Og)
component is the amount of Na or octahedral Al (AlVI = Al - AIY; AIY = 2-Si), whichever is less.
When the CrCa-Tschermak component (CrCaTs, CaCr,SiO¢ = Cr/2) is calculated, then the Ca-
Tschermak (CaTs, CaAl"'A1'YSiO4) component results equal to any remaining AV (CaTs = A1 -
Jd). The Al" in excess is used to form CaTi-Tschermak (CaTiTs, CaTiAl,O¢ = (AlIV — CaTs)/2)
and CaFe-Tschermak (CaFeTs, CaFeSiAlOg) components. All calcium remaining after forming Ts,
1.e. the sum of CaTs, CaFeTs, CrCaTs and CaTiTs, gives diopside (Di, CaMgSi,O¢) and
hedenbergite (Hd, CaFeSi,0¢) components, i.e., DiHd = Ca — Ts. Only Mg and Fe’" are used for
calculation of the enstatite (En, Mg,Si,0¢) and ferrosilite (Fs, Fe,Si,0¢). The enstatite-ferrosilite
(EnFs) component is equal to one-half the FeO+MgO (Fm) component remaining after forming
DiHd (EnFs = (Fm - DiHd)/2). At the equilibrium condition, clinopyroxene components calculated
following this scheme should be very close to unity (see also Putirka et al. 1996; Putirka 1999).

2 4 Dataset and regression strategy

The dataset used to calibrate the thermometers consists of 81 clinopyroxene-liquid pairs
obtained by merging our new phase equilibria experiments with previously published experiments
on trachyte and phonolite magmas from (i) Laacher See Volcano (Germany; Berndt et al. 2001), (ii)
Phlegrean Fields (Italy; Fabbrizio and Carrol 2008), (iii) Tenerife Island (Canary Island, Spain;
Andujar et al. 2008, 2010; Andujar and Scaillet 2012), and (iv) Sabatini Volcanic District (Italy,
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Masotta et al. 2012a). Overall, the experimental dataset includes experiments with trachytic and
phonolitic melt compositions (i.e., Si0, = 53-69 wt.% and Na,O+K,0 = 10-17 wt.%; Figure 1),
equilibrated at 700-1000 °C and 0.5-3 kbar (the whole dataset is reported in Table 1EA). In order to
increase the leverage on pressure estimates of the barometric equations, we have extended the
calibration dataset by adding 61 clinopyroxene-liquid pairs equilibrated at high-pressures (up to 15
kbar; the additional dataset is reported in Table 2EA). A detailed discussion on this strategy is
reported below.

Two different regression strategies have been adopted to derive new and more precise
thermometers and barometers: 1) the alkaline dataset was used to recalibrate models T1, T2, T3, T4,
P1 and P2 of Putirka et al. (1996), and models Eqn. 33 and Eqn. 32¢ of Putirka (2008); 2) new
regression models were developed including only those parameters that closely describe the
variance of the dataset (cf. Putirka et al. 1999), whereas all parameters producing data overfitting
were removed from the regression analysis (Jefferys and Berger 1992; Ratkowsky 1990). It is worth
noting that we have based our new thermometric and barometric models on previous equations by
Putirka et al. (1996) and Putirka (2008), because of their frequent application to volcanologic
studies and their calibration at temperature and pressure conditions that include those typical of
alkaline differentiated magmas (e.g., Mollo et al., 2010a; 2010b). In contrast, other available
thermometers and barometers have been calibrated at pressures and temperatures contrasting with
those of interest for this study (e.g., 1077-2177 °C and 10-30 kbar; Putirka, 1999; Putirka et al.,
2003).

The equations recalibrated with the new experimental dataset are:

1 4 chxXlqullq llq )
T1 O —utbl i Ca” Fn — M l+dIn(X )
T(K) X piria X vaX a X e X Fe
1 4 X prXlqullq ll‘]
1 . i j o [ (X#)+eP(kbar)
T(K) X pitia X NaX 4 Xy X Fe
4 X cpx lqulzq l“]
T3 10 =a+bln C“ij — h.q 7 +dln zl,q
T(K) X pira X Al X (X )
10° X Xl Xt Xl I
T4 TK =a+bln W n )(qu—g)(lzq +dIn W +eP(kbar)
( ) DiHd “™ Al Mg + Fe ( Al )

104 XCPXXgZOth i li li
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The value of each regression parameter is reported in Table 3 together with the standard error of
estimate (SEE) of the regression analysis. Thermometric equations T1 and T2 are formulated for
clinopyroxene-liquid equilibria based on DiHd-Jd exchange reaction, whereas equations T3 and T4
are based on DiHd-CaTs equilibrium (Putirka et al. 1996); notably, the exchange equilibrium of
equations T2 and T4 is also slightly sensitive to pressure. Equation 33 is a DiHd-Jd thermometer
obtained by global calibrations of experiments conducted at P< 70 kbar (Putirka 2008). Conversely,
barometric equations P1 and P2 are calibrated using the pressure-dependency of Jd on the large
partial molar volumes for Na and Al oxides in basaltic liquids, combined with the small partial
molar volume of jadeite in clinopyroxene (Putirka et al. 1996). Equation 32c is a barometer based
on the partitioning of Al between clinopyroxene and liquid, which also considers the effects of

water and temperature (Putirka 2008).

3. Results and Discussion
3.1 Phase equilibria experiments

The mineral assemblage of our experimental charges invariably consists of clinopyroxene,
plagioclase and sanidine (Table 2). In the experiments performed with phonolite, clinopyroxene and
plagioclase are ubiquitous in all sub-liguidus runs and sanidine occurs at T< 925 °C. In the
experiments performed with trachyte, clinopyroxene is always present, whereas plagioclase and
sanidine appear at T< 950 °C and T< 900 °C, respectively. Crystals are euhedral showing either
prismatic (clinopyroxene) or tabular (sanidine and plagioclase) shapes, with sizes ranging from 6 to
10 um in experiment with phonolite and from 8 to 12 um in experiments with trachyte (Figure 2).
We can attest that clinopyroxenes and coexisting melts approached equilibrium as testified by: (i)
the experimental duration comparable to that necessary to obtain a homogeneous phase assemblage
in alkaline magmas (Mollo et al. 2013a) and (ii) the simultaneous occurrence of euhedral, unzoned

crystals and compositionally homogeneous melts. It is also worth noting that, by means of different
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thermal pre-treatments and reversal experiments, Mollo et al. (2013a) have observed that alkaline
magma compositions do not show significant delay of crystal nucleation or change in phase
assemblage and proportion.

The mg-number [mg-number = MgO/(MgO+FeOy)] of both clinopyroxenes and coexisting
melts progressively increases with increasing temperature and H,O content (Tables 4 and 5),
showing good correspondence with other experimental data obtained for alkaline compositions (Del
Gaudio et al. 2010; Mollo et al. 2010b). As a test for equilibrium we have used the T-sensitive
model for Fe-Mg exchange [Kp(Fe-Mg)®™4 = molar ratio of (Fe/Mg)®™/(Fe/Mg)™] of Putirka
(2008):

InK , (Fe —Mg)*™* ™" = -0.107 — 1719
T(K)

(Equation 35; R* = 0.12; SEE = 0.08)

This model is calibrated by assuming Fe*" as total iron and is based on the deviations between
observed and calculated values for KD(Fe—Mg)Cp"'liq resulting from experimental clinopyroxene-
liquid pairs equilibrated at variable temperatures. Notably, the assumption of F ¢’ as total iron in
clinopyroxene and coexisting melt is valid providing that: 1) phase compositions in natural samples
are calculated following the same procedure used for experimental phases in the calibration dataset;
i1) the range of experimental fO, matches that of natural samples to which the model is applied (as
in this study). Moreover, in the range of fO, conditions of natural alkaline magmas, this parameter
does not change the phase relations (Andujar and Scaillet, 2012) but mimics temperature by
affecting the amount and composition of crystals (Mollo et al., 2013Db).

The T-sensitive model of Putirka (2008) predicts Kp(Fe-Mg)™™ values significantly
different to those experimentally determined for the clinopyroxene-liquid pairs of the calibration
dataset (0.15-0.23 and 0.09-0.37, respectively; Figure 3). This finding highlights that the alkaline
compositions are scarcely represented into the calibration datasets used by Putirka (2008).

Therefore, we have recalibrated this model introducing an additional parameter defined as Na-
number [Na-number = X / (X! + X %) ], which considers the alkali content of the melt, obtaining

the following equation:

- 10° Xl
K, (Fe-Mg)™" =exp| 1.735-3.056 —1.668 ————
T(®K) Xl 4 Xl

(Kd_alk; R? = 0.58; SEE = 0.05)
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The introduction of the Na-number as new parameter of the regression remarkably improved the
precision of the T-sensitive model, despite the new equation is evidently useful for trachyte and

phonolite magmas only.

3.2 New regression analyses based on previous activity models

Clinopyroxene-liquid pairs from the alkaline datasets have been used to test the precision of
previous thermometers and barometers. For each regression analysis we have calculated the
standard error of estimate (SEE), which represents the formal error of a model and is analogous to
the standard deviation of a mean (see Putirka et al. 1996). Results from our calculations indicate
that both thermometric equations T1 and T2 of Putirka et al. (1996), based on DiHd-Jd exchange
reaction, overestimate the crystallization temperature of clinopyroxene (Figure 4) yielding SEE; =
120 °C and SEE1; = 127 °C. Similarly, equations T3 and T4 yield SEEr; = 145 °C and SEE4 = 154
°C, respectively. It is worth noting that CaTs is less abundant relative to other components and is
not ubiquitous in clinopyroxene (Table 1EA submitted online as supplementary material). This
means that the number of experimental data used to calibrate and test each activity model based on
DiHd-CaTs equilibrium (i.e., equations T3 and T4) is insufficient to obtain precise estimates
(Figure 4). Moreover, due to aluminium enrichments during rapid growth of crystals, the
equilibrium condition is more difficult to assess for Tschermakitic molecules (Mollo et al. 2010b,
2011, 2012).

With respect to early thermometric models proposed by Putirka et al. (1996), a larger
experimental dataset was used for the global calibration of equation 33 of Putirka (2008). This more
recent model predicts the clinopyroxene crystallization temperature of alkaline magmas much better
than previous models (SEEs; = 31.4 °C, Figure 4). The increased number of regression parameters
in equation 33 (9 parameters, rather than 4-5 of previous models T1-T4) has significantly improved
the precision of this model, although large overestimates persist at temperatures below 850 °C
(Figure 4).

Barometric equations P1 and P2 of Putirka et al. (1996) systematically underestimate the
clinopyroxene crystallization pressure yielding SEEp; = 7.3 kbar and SEEp, = 9.5 kbar (Figure 5).
Conversely, equation 32¢ of Putirka (2008), being calibrated for a broader range of compositions
than equations P1 and P2, yields the more accurate estimates (SEEs;. = 2.9 kbar, Figure 5).

We have recalibrated the thermometers and barometers of Putirka et al. (1996) and Putirka
(2008) using the same clinopyroxene-liquid pairs used as test data. All these equations were

renamed by adding “alk” to the name, i.e., Talkl, Talk2, Talk3, Talk4, Talk33, Palkl, Palk2 and
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Palk32c. The original regression parameters by Putirka et al. (1996) and Putirka (2008) and those
obtained by our recalibrations are reported in Table 3. Given the restricted compositional bounds of
the dataset, recalibrated equations show much lower errors than the original equations. In particular,
equations Talkl and Talk2 (SEEr,; = 31.6 °C and SEEr,k = 31.2 °C) produce a slightly better fit
to the experimental data than equations Talk3 and Talk4 (SEEtaxs; = 33.6 °C and SEEr,ks = 33.9
°C; Figure 5), confirming the scarce correlation of K[DiHd-CaTs] and Al1" with temperature. The
increased number and leverage of regression parameters of equation Talk33, yields the best
precision among the recalibrated models (SEET,x33 = 24.0 °C).

Notably, the recalibration of the barometric equations did not yield to improved precision,
because of the relatively small pressure range of the experimental dataset (0.5-3 kbar). Although the
recalibrated models showed relatively low standard error of estimates (SEEs as low as 0.4 kbar),
they left unexplained most of the variability internal to the dataset (i.e., coefficients of
determination R* as low as 0.25). Therefore, any clinopyroxene-liquid pair used as input data
yielded pressure estimates between 1 and 2 kbar, independently from the pressure at which it
equilibrated. Therefore, in order to increase the leverage on pressure prediction, we included in the
calibration dataset additional 61 clinopyroxene-liquid pairs from experiments performed at pressure
between 3 and 15 kbar. These compositions were downloaded from the LEPR database

(http://lepr.ofm-research.org) and comprise peralkaline rocks used by Putirka (1996) to calibrate

early thermometers and barometers (Table 2EA), as well as basaltic to rhyolitic rocks with both
alkaline and sub-alkaline affinity. It is worth nothing that, after substantial data screening, this
“extended calibration dataset” was selected to significantly improve the precision of barometers by
Putirka et al. (1996) and Purirka (2008) for trachyte and phonolite magmas. In this view, our
recalibrated equations Palk1, Palk2 and Palk32c show standard errors on estimates two to five times
lower than those of previous models (SEEpy; = 1.71 kbar, SEEp,, = 1.70 kbar and SEEp,j32c =
1.67 kbar; Figure 5).

3.3 Calibration and test of a new thermometer and barometer
Using our experimental dataset specific to alkaline differentiated magmas, we have
calibrated a new clinopyroxene-liquid thermometer and barometer (see the downloadable Excel

spreadsheet submitted online as supplementary material) whose equations are:


http://lepr.ofm-research.org/
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(Equation Palk2012; R? = 0.80; SEE = 1.15)

The use of more appropriate parameters, such as the melt Na-number and Kp(Fe-Mg)™9,
has improved the precision of the model Talk2012, whose uncertainty (SEEtax2012 = 18.2 °C) is
reduced of about 6-15 °C with respect to the standard error of estimate of recalibrated equations
Talkl, Talk2, Talk3, Talk4 and Talk33, and of about 13 °C with respect to SEE;; of the best
predictive equation 33 of Putirka (2008) (Table 3 and Figure 6). Notably, the model Talk2012 is
independent from pressure and the number of sensible parameters is decreased from 14 to 9.
Similarly, equation Palk2012 is independent from temperature and comprises a reduced number of
parameter compared to equation Palk32 (5 instead of 7). The precision of model Palk2012
(SEEpaik2012 = 1.15 kbar) 1s slightly improved relative to that of the recalibrated equations Palkl,
Palkl and Palk32c, but remarkably improved with respect to that of equation 32¢ from Putirka
(2008) (Table 3 and Figure 6).

In order to verify the accuracy of equations Talk2012 and Palk2012, we have recalibrated
these models after subtracting about 25% of clinopyroxene-liquid pairs from the calibration dataset
and used these pairs (20 for the thermometer and 35 for the barometer) to test their prediction. Both
the recalibrated models predict temperatures and pressures comparable to those predicted by

equations Talk2012 and Palk2012 (Figure 7).

3.4 Limits and advantages of the new thermometer and barometer
As demonstrated in this study, the compositional bounds of the calibration dataset are

important limiting factors for thermometers and barometers that are based on the regression analysis
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of experimental data. Our thermometer, specific to phonolitic and trachytic magmas, is more
precise than those from previous studies, but any attempt to use it on compositions different from
those of the calibration dataset would produce high errors of estimate. To test the limits of the
model Talk2012, we have used as input data clinopyroxenes coexisting with tephri-phonolitic and
phono-tephritic liquids (Table 3EA) experimentally obtained at 1000-1300 °C and 0.001-5 kbar
(Freda et al. 1997, 2008; Conte et al. 2009; Mollo et al. 2010a, 2010b). Results from these
calculations have been compared with those predicted by equations 33 and 32c of Putirka (2008)
(Figure 8). Equation Talk2012 generally yields higher errors on temperature estimate than equation
33 of Putirka (2008) (ETEtak2012 = 5-297 °C; ETE33 = 3-207 °C; Figure 8). In fact, SEEr,x2012 (125
°C) is higher than SEEs; (87 °C), confirming the scarce precision of the new thermometer outside
its calibration bounds. Conversely, errors on pressure estimate of equation Palk2012 are much
lower than those associated to equation 32¢ of Putirka (2008) (EPEp,ik2012 = 0.07-45.9 kbar; EPE3;,
= 0.7-12 kbar; Figure 8). Accordingly, SEEp, 2012 (3.4 kbar) is about two times lower than SEEs;,
(6.5 kbar). However, we must stress out that the better precision of Equation Palk2012 is due to the
more restricted pressure range of the calibration dataset (0.5-15 kbar) relative to that (0.001-80
kbar) of Putirka (2008). Therefore, the global equations of Putirka (2008) still represent the best
choice to estimate the crystallization conditions of poorly differentiated alkaline magmas and other

magma compositions not sufficiently represented in our datasets.

4. Application of the new models to natural case studies

The volcanoes of the Phlegrean Fields and Mt. Vesuvius belong to the potassic alkaline
province of Central Italy. These volcanoes are among the most dangerous in the world, threatening
the city of Naples and its densely inhabited suburbs. The highly explosive activity at the Phlegrean
Fields and Mt. Vesuvius, indeed, represents a continuous menace to more than one million people.
With this perspective, it is extremely important to develop new and more precise methods for
deciphering crystallization conditions of magmas feeding these eruptions. This will permit to better
understand magma chamber processes and to prepare reliable hazard maps (e.g., Cioni et al. 1998;
Marianelli et al. 2006; Zollo et al. 2003; Scaillet et al. 2008; Cioni et al. 2003; Todesco et al. 2006).
To contribute to these efforts, we have used natural clinopyroxene-liquid compositions from major
eruptions at the Phlegrean Fields and Mt. Vesuvius as input data for our new thermometer and
barometer (see Table 4EA submitted online as supplementary material). Crystallization
temperatures and pressures predicted by our models are in good agreement with those determined
via different and independent geochemical models, thus validating their use to reconstruct

thermobarometric conditions of these magmatic systems.
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Phlegrean Fields

The Phlegrean Fields caldera is located within the Campanian Plain and includes a subaerial
and a submerged part, which cover a total area of about 230 km?. It is a resurgent nested structure
formed during two major caldera collapses related to the eruptions of the Campanian Ignimbrite
(200 km® of trachytic to phono-trachytic pyroclastic-fall and -flow deposits) and the Neapolitan
Yellow Tuff (40 km? of latitic to trachytic pyroclastic-fall and -flow deposits), respectively (Pabst et
al. 2008 and references therein). Volcanic rocks younger than the Neapolitan Yellow Tuff show
compositions from shoshonite to peralkaline phonolite with trachyte and alkali-trachyte as the most
abundant (Pabst et al. 2008 and references therein). The volcanic system is still active, as
demonstrated by fumarolic and seismic activity, and by recurrent repetitive episodes of unrest in the
past 30 years (Orsi et al. 1999 and references therein). Melt inclusion data of minerals in rocks
younger than 39 ka indicate different depths of crystallization at about 10 km and between 8 and 3
km, suggesting the occurrence of both deep and shallow magma reservoirs (e.g., Marianelli et al.
20006).

On the basis of feldspar-liquid equilibria of trachytic to phono-trachytic pumice samples of
the Campanian Ignimbrite, Fedele et al. (2009; and references therein) have suggested
crystallization temperatures between 840 and 960 °C. Using a two-feldspar thermometer and melt
and fluid inclusions in clinopyroxene and K-feldspar, Fulignati et al. (2004) determined a pre-
eruptive temperature of the Breccia Museo magma (a proximal unit belonging to the caldera-
forming phase of the Campanian Ignimbrite; Fedele et al. 2009) between 870 and 980 °C. In a more
recent study on melt inclusions (Marianelli et al. 2006), the crystallization of clinopyroxene was
estimated at temperatures between 870 and 1080 °C. To better constrain the temperature conditions
of the Campanian Ignimbrite magma, we have used clinopyroxene-liquid pairs (206 in total)
reported in Signorelli et al. (1999), Fulignati et al. (2004) and Fedele et al. (2008) as input data for
our new equations Talk2012 and Palk2012 (Table 4EA). In particular, data from Signorelli et al.
(1999) refer to the lower and upper fall units of the Campanian Ignimbrite eruption; whereas, those
from Fulignati et al. (2004) and Fedele et al. (2009) belong to the Breccia Museo eruption. We have
assumed a melt-water content of 3 wt.% according to literature data (Signorelli et al. 1999; Fowler
et al. 2007 and references therein). Notably, we have tested that a melt-water content of 2 wt.%
changes the temperature and pressure estimates of = 15 °C and + 0.15 kbar only. Results from
equations Talk2012 for the lower and upper fall deposits of the Campanian Ignimbrite eruption
indicate crystallization temperatures of 919 = 9 °C (48 pairs) and 898 + 14 °C (40 pairs),

respectively. Conversely, for the Breccia Museo eruption, we obtain crystallization temperatures of
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944 + 26 °C (48 pairs) and 970 £ 13 °C (70 pairs), respectively (Figure 9a). These estimates suggest
a thermal range narrower than those reported by previous studies (Civetta et al. 1997; Fulignati et
al. 2004; Marianelli et al. 2006). Moreover, within their uncertainties, these estimates agree with the
crystallization temperature of about 883 °C determined through phase equilibria simulations with
MELTS code (Ghiorso and Sack 1995) for the Campanian Ignimbrite magma (Fowler et al. 2007).
A significant feature of the simulations is the existence of a pseudo-invariant point at 883 °C where
the fraction of melt remaining in the system decreases abruptly from 0.5 to <0.1. Crystallization at
this pseudo-invariant temperature leads to abrupt changes in the composition, properties (density,
dissolved water content), and physical state (viscosity, volume fraction fluid) of melt, possibly
setting the stage for highly explosive eruptions (Fowler et al. 2007).

Although there are no direct estimates for the magmatic pressures of the Campanian
Ignimbrite, there is a general consensus that magma fractionation and differentiation occurs at
shallow crustal levels (i.e., 2-6 km corresponding to 0.6-1.7 kbar; D’ Antonio 2011 and references
therein). Using the same clinopyroxene-liquid pairs discussed above, we have estimated the
pressure conditions of both the Campanian Ignimbrite and the Breccia Museo magmas. Results
from barometric equation Palk2012 indicate clinopyroxene crystallization for the lower and upper
fall units of Campanian Ignimbrite at 0.58 + 0.43 kbar and 1.27 £ 0.34 kbar, respectively; whereas,
for the Breccia Museo, clinopyroxene crystallizes at 0.69 + 0.81 kbar and 0.83 £ 0.92 kbar (Figure
9a). These pressure estimates agree with the hypothesis of differentiation at shallow crustal levels
(D’Antonio 2011) and phase equilibria data, suggesting the formation of the Campanian Ignimbrite

magmas at pressures lower than 3 kbar (Fowler et al. 2007).

Mt. Vesuvius

The Mt. Somma-Vesuvius is a strato-volcano consisting of a recent cone, the Vesuvius,
which rises within the older Mt. Somma caldera. At present, Mt. Vesuvius is in a quiescent state
characterised by fumarolic and low-magnitude seismic activity. The Mt. Somma-Vesuvius has been
characterized in the past by both highly explosive subplinian and plinian eruptions alternating with
small explosive/effusive activity. A total volume of 300 km® of magma has been erupted throughout
the history of Mt. Somma-Vesuvius (Civetta and Santacroce 1992). The magmatic system produced
silica undersaturated potassic to ultrapotassic rocks and consisted of multi-depth reservoirs located
between 4 and 10 km, as deduced by fluid and melt inclusion data (e.g., Marianelli et al. 1999;
Cioni 2000). Basalts to trachytes were produced in the oldest period of volcanism, before magmas
changed from phonolitic tephrites to phonolites. The historical activity is prevalently characterized

by the eruption of magma compositions ranging from leucitic tephrite to leucitic phonolite.
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We have considered as input data for the new thermometer and barometer the
clinopyroxene-liquid pairs from Mercato eruption (8 ka BP), Avellino eruption (3.4 ka BP) and the
historical AD 79 eruption (Table 4EA). On the basis of phase equilibria experiments and in
comparison with the textural and compositional features of natural products, Scaillet et al. (2008)
have estimated a pre-eruptive pressure of 2 + 0.2 kbar, and temperature of 785 = 15 °C for both
Mercato and Avellino eruptions, and 815 = 15 °C for the 79 AD eruption. However, the
crystallization temperature experimentally determined by Scaillet et al. (2008) for the AD 79
eruption is not fully consistent with data from melt and fluid inclusion studies. A large number of
analyses on inclusions in phenocrysts indicate two different crystallization depths for the Vesuvius
magmas at 4 km and >11 km, and temperatures of 850-900 °C and 1200 °C, respectively (e.g.,
Belkin et al. 1985, 1998; Cortini et al. 1985; Belkin and De Vivo 1993; Cioni et al. 1995, 1998;
Marianelli et al. 1999; Cioni 2000). In particular, the 850-900 °C temperature range has been
inferred for the phonolitic magma feeding the AD 79 eruption (e.g., Cioni et al., 1995). To estimate
temperature and pressure of Mt. Vesuvius magmas, we have used clinopyroxene-liquid pairs
reported by Aulinas et al. (2008) for the Mercato eruption, and clinopyroxene-liquid pairs reported
by Cioni et al. (1998) and Balcone-Boissard et al. (2008, 2012) for the Avellino and AD 79
eruptions, respectively. For the Mercato and Avellino eruptions, equation Talk2012 yields
crystallization temperatures of 800 + 10 °C and 770 £+ 14 °C (90 data from Aulinas et al. 2008,
Cioni et al. 1998 and Balcone-Boissard et al. 2012) (Figure 9b), in agreement with results from
phase equilibria experiments of Scaillet et al. (2008). In the case of the AD 79 eruption, the
temperature predicted by equation Talk2012 1s 882 + 19 °C (24 data from Cioni et al. 1998 and
Balcone-Boissard et al. 2008). This value is higher than experimental determinations of Scaillet et
al. (2008), but in agreement with estimates from melt inclusion data of Cioni et al. (1995). Our new
equation Palk2012 predicts clinopyroxene crystallization at pressures of 1.57 + 1.22 kbar, 1.12 +
0.82 kbar, and 1.86 + 0.98 kbar for Mercato, Avellino and AD 79 eruptions, respectively (Figure
9b). The standard deviation associated with these estimates is relatively high, but however
consistent with the knowledge of multi-depth reservoirs located from 4 to 10 km of depth (e.g.,
Belkin et al. 1985; Belkin and De Vivo 1993; Marianelli et al. 1999; Cioni 2000).

6. Conclusion

We have designed, calibrated and tested a new thermometer and a new barometer specific to
alkaline differentiated magmas. These models have been calibrated through regression analyses of
datasets that strictly reproduce the compositional variability of these magmas in nature. Compared

to previous thermometers and barometers, the models presented in this study resulted to be
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significantly more precise to estimate crystallization temperatures and pressures in alkaline
differentiated magmas.

The two new models have been tested and validated by calculating the crystallization
temperature and pressure of clinopyroxenes occurring in eruptive products at the Phlegrean Fields
and Mt. Vesuvius, and by comparing these values with those inferred by means of melt and fluid
inclusion data and phase equilibria experiments. The new thermometer and barometer here
presented can be confidently used to estimate magmatic temperatures and pressures in alkaline

magma reservoirs feeding highly explosive eruptions.
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Figure Captions

Figure 1. Total alkali versus silica (TAS) diagram of experimental glasses from the alkaline dataset.

Figure 2. FE-SEM pictures showing textural features of phase equilibria experiments performed in

this study.

Figure 3. Comparison between the T-sensitive Kp(Fe-Mg)™* " model of Putirka (2008) and the

new model proposed in this study for alkaline differentiated magmas.

Figure 4. Previous thermometric equations of Putirka et al. (1996) and Putirka (2008) are compared
with those recalibrated in this study. Models T1, T2, T3 and T4 systematically overestimate
crystallization temperatures of experimental dataset. Equation 33 shows the highest precision,
although it overestimates the temperature below 850 °C. Among the recalibrated models, equation
Talk33 shows the highest coefficient of determination (R?) and the lowest standard error of estimate

(SEE).

Figure 5. Previous barometric equations of Putirka et al. (1996) and Putirka (2008) are compared
with those recalibrated in this study. Models P1 and P2 systematically underestimate crystallization
pressures of the experimental dataset, whereas equation 32c¢ yields a better precision. All the
recalibrated equations show rather similar coefficient of determination (R*) and standard error of

estimate (SEE).

Figure 6. The new thermometer (Equation Talk2012) and barometer (Equation Palk2012) show the
best prediction of crystallization temperatures and pressures of the dataset, yielding the highest

coefficient of determination (R?) and lowest the standard error of estimate (SEE).

Figure 7. Equations Talk2012 and Palk2012 were recalibrated by subtracting about 25% of

clinopyroxene-liquid pairs from their calibration datasets. This population was then used as test-
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data for the thermometer (20 pairs) and barometer (35 pairs). Temperature and pressure estimates

for the test population are comparable to those predicted by equations Talk2012 and Palk2012.

Figure 8. Results from tests conducted using clinopyroxene compositions coexisting with tephritic
phonolite and phonolitic tephrite melts from Freda et al. (1997, 2008), Conte et al. (2009), and
Mollo et al. (2010a, 2010b). Equation Talk2012 does not show improvements with respect to
equation 33 of Putirka (2008) when used to predict crystallization temperature of more primitive
alkaline compositions not incorporated in the dataset. Conversely, the pressure prediction of

equation Palk2012 is slightly better than that of equation 32c of Putirka (2008).

Figure 9. Clinopyroxene-liquid pairs from the Phlegrean Fields and Vesuvius eruptions have been
used as input data for our new Equations Talk2012 (a) and Palk2012 (b). Temperature and pressure
estimates agree with those determined by melt and fluid inclusion data, and phase equilibria studies.

Data yielding negative pressure estimates are not reported in figure.
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Click here to download table: Table 1.doc

Table 1. List of the starting materials of phase equilibria experiments incorporated into the dataset used to calibrate the thermometer. Tr =

trachyte. Pho = phonolite. Te-Pho = tephriphonolite

. . Berndtetal. Berndt et al. Fabbrizio Fabbrizio Andujar et Andujar et Anduj ar and Masotta et
Reference This study This study (2001) (2001) and Carroll ~ and Carroll al. (2008) al. (2010) Scaillet al. (2012)
(2008) (2008) ) ’ (2012) )
. Breccia Breccia . Lavas Montana
Starting TGVT - VGPL - 1060 ULST 1088 ULST El Abrigo - SVD-0 -
. Museo - Museo - . Negras - Blanca -
material Glass Glass - Glass - Glass .. . Pumice Glass
Obsidian Pumice Glass Glass
Pho Tr Pho Pho Tr Tr Pho Pho Pho Te-Pho

SiO, 56.39 58.66 58.89 58.06 62.18 60.36 60.30 59.40 59.70 50.84
TiO, 0.54 0.50 0.76 0.98 0.45 0.41 0.66 0.81 0.64 0.68
AL O3 20.45 16.15 19.87 19.66 18.70 19.09 19.24 19.25 19.60 18.97
FeO* 2.86 5.73 3.25 3.58 3.19 3.29 291 3.90 3.40 7.91
MnO 0.16 0.10 0.21 0.15 0.27 0.15 0.23 0.16 0.25 0.17
MgO 0.78 2.73 0.69 0.90 0.23 1.12 0.25 0.52 0.33 2.31
CaO 5.64 5.30 3.90 4.87 1.65 2.45 0.64 1.20 0.72 8.11
Na,O 4.64 4.39 5.34 5.02 6.16 3.81 10.10 9.18 9.63 2.62
K,0 8.39 5.88 7.10 6.77 7.14 9.09 5.59 5.20 5.74 7.93
P,0s 0.16 0.26 - - 0.02 0.22 0.06 - - 0.46
sum 99.59 99.70 - - 99.25 99.23 99.40 100.70 100.01 99.59
Na,O/K,0 0.55 0.75 0.75 0.74 0.86 0.42 1.81 1.77 1.68 0.33

* Total iron reported as FeO
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table 2
Click here to download table: Table 2.doc

Table 2. List of the phase equilibria experiments conducted at 2 kbar. Liq = liquid.
Cpx = clinopyroxene. Fsp = feldspar.

Run (OTC) H,0' €O H,0° €O, assg rlf]f; "
Phonolite (Tufo Giallo della Via Tiberina)

TGVT-1 850 3.00 0.00 515 0.00 Lig+Cpx+Fsp
TGVT-2 850 1.50 0.00 5.05 0.00 Lig+Cpx+Fsp
TGVT-3 900 2.89 0.00 3.52 0.00 Lig+Cpx+Fsp
TGVT-4 900 2.12 0.00 2.66 0.00 Lig+Cpx+Fsp
TGVT-5 900 3.89 0.17 539 0.06 Lig+Cpx+Fsp
TGVT-6 900 393 040 3.54 0.07 Lig+Cpx+Fsp
TGVT-7 900 392 0.00 4.05 0.00 Lig+Cpx+Fsp
TGVT-8 900 2.63 0.11 429 0.08 Lig+Cpx+Fsp
TGVT-9 900 292 035 3.62 0.07 Lig+Cpx+Fsp
TGVT-10 925 247 0.00 2.80 0.00 Lig+Cpx+Fsp
TGVT-11 925 536 000 543 0.00 Liq
TGVT-12 925 331 027 331 0.06 Lig+Cpx+Fsp
TGVT-13 950 340 021 229 0.09 Lig+Cpx+Fsp
TGVT-14 950 2.11 0.19 344 0.11 Lig+Cpx+Fsp
Trachite (Grotte dei Palizzi)

VGPL-1 1000 2.89 0.00 3.29 0.00 Lig+Cpx
VGPL-2 900 3,50 022 500 0.10 Lig+Cpx+Fsp
VGPL-3 950 474 0.00 6.84 0.00 Lig+Cpx
VGPL-4 950 236 0.00 4.51 0.00 Lig+Cpx+Fsp
VGPL-5 950 296 0.14 245 0.05 Lig+Cpx+Fsp
VGPL-6 950 2.81 0.19 3.04 0.07 Lig+Cpx+Fsp
VGPL-7 975 4.08 0.00 6.21 0.00 Lig+Cpx
VGPL-8 1000 3.52 0.17 4.64 0.07 Lig+Cpx
VGPL-9 1000 250 024 1.77 0.04 Lig+Cpx
VGPL-10 1000 3.39 0.00 340 0.00 Lig+Cpx

Initial H,O concentration

® Initial CO, concentration

“H,0 measured "by difference" (Devine et al. 1995)

4C0, determined by H,O-CO, solubility model of Papale et al. (2006)


http://www.editorialmanager.com/ctmp/download.aspx?id=98199&guid=84a58bbe-1302-4edc-b9de-f68b16b74757&scheme=1

table 3
Click here to download table: Table 3.doc

Table 3. Regression parameters from thermometers and barometers of Putirka et al. (1996) and Putirka (2008) are compared with those from this
study. R? = coefficient of determination. SEE = Standard error of estimate.

a b c d e f g h i SEE R’
Thermometric equations of Putirka et al. (1996) and Putirka (2008)
Eqn. T1 6.73 -0.26 -0.86 0.52 119.6 0.59
Eqn. T2 6.59 -0.16 -0.65 0.23 -0.02 126.9 0.71
Eqn. T3 6.92 -0.18 -0.84 -0.29 145.4 0.68
Eqn. T4 7.20 -0.04 -0.59 -0.18 -0.03 154.0 0.67
Eqn. 33 7.53 -0.14 0.07 -14.90 -0.08 -3.62 -1.10  -0.18  -0.027 314 0.80
Recalibrated thermometric equations of Putirka et al. (1996) and Putirka (2008)
Eqn. Talkl 6.74 -0.02 -0.69 -0.15 31.6 0.80
Eqn. Talk2 6.52 -0.04 -0.68 -0.15 0.08 31.2 0.80
Eqn. Talk3 5.05 -0.06 -0.81 0.68 33.6 0.74
Eqn. Talk4 3.85 -0.06 -0.87 0.91 0.19 33.9 0.74
Eqn. Talk33 6.81 0.003 0.05 -25.04 -0.30 2.25 -1.91 -0.02 0.06 24.0 0.88
Barometric equations of Putirka et al. (1996) and Putirka (2008)
Eqn. P1 -54.3 299 36.4 367 7.29 0.46
Eqn. P2 -50.7 394 36.4 20.0 9.54 0.53
Eqn. 32¢ -57.9 0.048 40.6 -47.7 0.676 -153 6.89 2.94 0.32
Recalibrated barometric equations of Putirka et al. (1996) and Putirka (2008)
Eqn. Palkl -8.84 79.0 11.6 8.60 1.71 0.55
Eqn. Palk2 -6.28 38.2 9.42 6.16 1.70 0.56

Eqn. Palk32c -16.3 0.014 -12.4 -9.19 0.21 38.7 1.59 1.67 0.57
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table 4
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Table 4. Major elements and components of clinopyroxenes from phase equilibria experiments performed in this study. sd = standard deviation
calculated for the number of analyses in parenthesis.

Run Si0, TiO, ALO; FeO MnO MgO CaO Na,O K,O P,0Os Total DiHd EnFs Jd CaTs CaTi mg-number Kd(Fe-Mg)
Phonolite (Tufo Giallo della Via Tiberina)

TGVT-1 4170 1.64 973 1428 052 6.19 22.08 045 023 0.11 9693 0.740 0.057 0.035 0.107 0.106 0.30 0.19
sd(7) 0.15 042 1.54 0.55 0.04 048 024 0.14 0.11 0.06

TGVT-2 4196 229 872 1663 0.73 484 21.68 082 030 0.03 98.00 0.762 0.045 0.064 0.043 0.132 0.23 0.23
sd(3) 1.06  0.35 1.21 043 0.06 0.28 028 0.09 0.09 0.03

TGVT-3 4374 2.16 836 1244 045 750 22,57 049 022 0.01 9794 0.778 0.037 0.038 0.074 0.101 0.38 0.12
sd(9) 099 050 093 0.15 0.01 044 039 0.02 0.02 0.02

TGVT-4 4386 1.54 927 13.15 051 7.16 2260 059 033 0.00 99.00 0.755 0.046 0.044 0.097 0.095 0.35 0.13
sd(7) 0.95 0.31 1.13 0.64 0.07 069 049 0.03 0.16 0.00

TGVT-5 4418 1.54 774 12.00 0.41 879 2247 047 0.17 0.02 97.80 0.786 0.062 0.036 0.061 0.100 0.42 0.18
sd(7) 0.84 031 049 0.21 0.03 0.10 0.55 0.02 0.06 0.02

TGVT-6 4208 1.62 1043 1346 043 696 23.64 049 0.14 0.00 99.27 0.771 0.039 0.037 0.096 0.126 0.34 0.28
sd(8) 0.66 0.06 0.64 1.04 0.10 097 0.12 0.03 0.03 0.00

TGVT-7 4431 156 897 11.19 040 7.68 2191 057 047 0.12 9717 0.739 0.041 0.044 0.118 0.068 0.41 0.23
sd(7) 043 001 091 0.16 0.12 076 020 0.04 030 0.10

TGVT-8 4482 173 855 1254 046 833 23.04 056 023 0.00 100.27 0.777 0.052 0.042 0.069 0.104 0.40 0.17
sd(7) 0.57 031 0.89 0.39 0.04 043 0.34 0.08 0.09 0.00

TGVT-9 43.57 1.78  8.11 12.55 0.51 7.83 2253 0.54 0.18 0.03 97.65 0.787 0.045 0.042 0.062 0.107 0.38 0.21
sd(7) 048 034 0.26 0.40 0.11 1.01 040 0.05 0.04 0.05

TGVT-10 4625 139 7.16 9.72 040 9.87 2289 0.50 0.32 0.03 98.54 0.801 0.040 0.037 0.071 0.073 0.50 0.19
sd(9) 0.55 0.18 0.70 030  0.04 025 0.33 0.04 0.14 0.03

TGVT-12 4624 124 632 9.53 036 999 2326 038 0.19 0.03 9754 0.840 0.025 0.029 0.062 0.069 0.51 0.17
sd(6) 096 028 0.84 021 0.04 043 0.25 0.08 0.01 0.05

TGVT-13 47.57 1.04 6.63 1137 028 9.08 23.02 0.50 0.18 0.00 99.67 0.812 0.034 0.037 0.080 0.051 0.44 0.18
sd(4) 140 0.08 0.66 3.10 0.08 1.15 027 0.09 0.05 0.00

TGVT-14 4690 1.19 583 1072 049 971 2234 047 0.18 0.01 9785 0.815 0.048 0.036 0.056 0.060 0.48 0.14
sd(8) 0.79 0.09 0.88 0.72  0.06 0.75 0.30 0.06 0.03 0.02

Trachite (Grotte dei Palizzi)
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VGPL-1
sd(5)
VGPL-2
sd(7)
VGPL-3
sd(7)
VGPL-4
sd(8)
VGPL-5
sd(8)
VGPL-6
sd(6)
VGPL-7
sd(8)
VGPL-8
sd(8)
VGPL-9
sd(8)
VGPL-10
sd(6)

51.52
1.12
46.11
1.63
49.83
1.51
49.05
0.42
49.40
0.98
48.69
1.65
51.71
0.63
51.15
0.77
49.84
0.67
51.52
0.61

0.51
0.06
0.54
0.15
0.39
0.11
0.66
0.13
0.65
0.09
0.55
0.03
0.27
0.15
0.42
0.05
0.42
0.08
0.43
0.01

2.83
0.83
6.31
1.12
2.86
1.08
4.52
0.58
4.89
0.71
4.47
0.69
1.96
0.57
2.59
0.54
4.25
0.45
2.76
0.39

9.14
0.33
12.80
1.41
8.39
1.64
11.11
1.62
11.54
0.42
11.51
0.30
8.94
1.26
7.53
0.74
10.16
0.71
7.56
0.18

0.27
0.02
0.30
0.08
0.32
0.08
0.31
0.09
0.32
0.05
0.34
0.05
0.35
0.09
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0.05
0.27
0.04
0.26
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0.07
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0.13
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0.05
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0.08
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0.06
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0.04
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0.03
0.12
0.03
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0.12
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0.031

0.033

0.031

0.035

0.032

0.032

0.035

0.032

0.040

0.066

0.003

0.048

0.055

0.047

0.000

0.014

0.039

0.005

0.010

0.061

0.046

0.038

0.038

0.037

0.029

0.028

0.039

0.040

0.60

0.42

0.62

0.51

0.50

0.50

0.62

0.66

0.55

0.66

0.26

0.36

0.21

0.30

0.33

0.24

0.22

0.20

0.29

0.23
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Table 5. Major element compositions of glasses from phase equilibria experiments performed in this study. Analyses are reported to 100 wt.%
on anhydrous basis. sd = standard deviation calculated for the number of analyses in parenthesis.

Run Si0, TiO, ALO; FeO MnO MgO CaO Na,O K,0 P,0s Total n;fngl;er
Phonolite (Tufo Giallo della Via Tiberina)

TGVT-1 59.63 042 2123 233 0.14 020 257 435 911 0.03  100.00 0.08
sd(7) 0.41 0.05 029 023 0.05 0.03 0.08 0.11 0.19  0.02

TGVT-2 58.88 026 2247 2.11 0.17 0.14 227 419 950 0.01 100.00 0.06
sd(3) 028 0.04 075 0.09 0.03 003 0.16 0.09 1.04  0.02

TGVT-3 58.82 040 2061 246 0.13 0.18 2838 471 9.77  0.04 100.00 0.07
sd(9) 034 007 026 020 003 005 025 012 018 0.03

TGVT-4 58.65 0.54 20.16 2.89 0.16 021 3.11 5.04 9.18 0.06 100.00 0.07
sd(7) 0.09 006 010 004 006 003 013 010 0.12 0.05

TGVT-5 5930 051 2094 263 0.16 035 373 386 845 0.08 100.00 0.12
sd(7) 0.70  0.08 043 0.12 0.04 0.05 0.31 0.13 0.19 0.03

TGVT-6 5836 046 2089 245 0.10 036 391 443 899 0.05 100.00 0.13
sd(8) 0.35 006 0.18 0.07 0.04 003 0.11 0.08 0.09 0.02

TGVT-7 59.14 052 2033 246 0.13 039 417 418 8.61 0.07  100.00 0.14
sd(7) 034 0.07 033 024 004 005 018 010 0.17 0.03

TGVT-8 5778 052 2054 272 0.15 030 330 497 9.65 0.07 100.00 0.10
sd(7) 0.19 006 023 010 0.06 0.03 023 0.08 014 0.04

TGVT-9 58.81 053 2045 242 0.12 032 337 441 9.51 0.05 100.00 0.12
sd(7) 033 0.09 0.11 022 0.05 0.04 026 0.11 0.23  0.03

TGVT-10 58.66 053 20.17 280 0.15 054 438 416 853 0.07 100.00 0.16
sd(9) 0.21 0.08 023 0.10 0.04 0.07 0.12 0.09 0.19 0.03

TGVT-11 57.60 049 2077 2.55 0.17 0.61 507 414 852 0.09 100.00 0.19
sd(6) 046 0.04 0.17 037 0.05 0.04 014 017 0.16 0.02

TGVT-12 58.07 052 2047 2.85 0.15 0.51 445 419 8.71 0.08 100.00 0.15
sd(8) 040 0.09 023 014 004 006 024 006 0.14 0.01

TGVT-13 5791 048 1986 325 0.13 046 477 447 855 0.11 100.00 0.13
sd(7) 0.17  0.05 0.13 0.10 003 005 0.17 0.07 0.09 0.03

TGVT-14 58.62 053 2046 3.17 0.16 0.41 384 407 866 0.08 100.00 0.11

sd(8) 043 006 031 0.16 0.04 0.04 040 009 0.17 0.02
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Trachite (Grotte dei Palizzi)

VGPL-1
sd(5)
VGPL-2
sd(7)
VGPL-3
sd(7)
VGPL-4
sd(8)
VGPL-5
sd(8)
VGPL-6
sd(6)
VGPL-7
sd(8)
VGPL-8
sd(8)
VGPL-9
sd(8)
VGPL-10
sd(6)

60.36
0.21
66.98
0.35
62.40
0.52
62.41
0.60
63.52
0.28
64.59
0.66
62.03
0.40
61.46
0.66
61.83
0.20
60.05
0.44

0.50
0.03
0.39
0.04
0.50
0.07
0.48
0.11
0.47
0.07
0.35
0.08
0.46
0.09
0.48
0.05
0.46
0.05
0.57
0.07

16.89
0.21
18.79
0.43
17.76
0.38
18.43
0.36
18.19
0.17
18.20
0.36
17.94
0.35
17.44
0.17
17.67
0.12
16.80
0.32

491
0.08
242
0.16
3.28
0.44
2.49
0.16
2.60
0.34
2.99
0.17
3.16
0.38
3.65
0.29
3.81
0.14
4.98
0.23

0.13
0.05
0.09
0.03
0.08
0.05
0.07
0.06
0.07
0.05
0.09
0.05
0.09
0.04
0.12
0.04
0.08
0.04
0.11
0.06

1.92
0.09
0.63
0.13
1.12
0.10
0.78
0.05
0.85
0.06
0.71
0.12
1.18
0.15
1.38
0.11
1.37
0.07
2.17
0.08

4.36
0.13
2.19
0.24
3.13
0.24
2.46
0.13
2.65
0.15
2.11
0.23
3.15
0.29
3.76
0.29
3.62
0.22
4.50
0.17

4.19
0.11
2.38
0.10
4.76
0.13
5.20
0.24
4.76
0.11
4.04
0.11
4.97
0.05
4.81
0.17
4.62
0.08
4.12
0.16

6.44
0.07
6.00
0.12
6.76
0.12
7.35
0.10
6.59
0.09
6.72
0.20
6.78
0.18
6.52
0.11
6.18
0.10
6.38
0.10

0.30
0.01
0.14
0.04
0.22
0.07
0.32
0.12
0.31
0.09
0.20
0.05
0.24
0.08
0.38
0.04
0.35
0.02
0.32
0.07

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

0.28

0.21

0.26

0.24

0.25

0.19

0.27

0.27

0.26

0.30




Cpx-Liq alkali thermobarometer
Click here to download Electronic supplementary material: Cpx-Liq alkali thermobarometer.xlsx


http://www.editorialmanager.com/ctmp/download.aspx?id=98204&guid=0e5ee70b-5000-421c-85ed-4f89aac3c22e&scheme=1

Tables EA
Click here to download Electronic supplementary material: Tables EA.pdf


http://www.editorialmanager.com/ctmp/download.aspx?id=98208&guid=24a716f6-445c-44be-b3fa-84f2f614525d&scheme=1

