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Abstract
Volatile solubility in magmas depends on several factors, including composition and pressure. Mafic magmas with high 
concentrations of alkali elements are capable of dissolving larger quantities of  H2O and  CO2 than subalkaline basalt, which 
possibly contributes to large explosive eruptions. Existing volatile solubility models for alkali-rich mafic magmas are well 
calibrated below ~ 200 MPa, but at greater pressures the experimental data are sparse. To fill in this gap, we conducted a set 
of mixed  H2O–CO2 volatile solubility experiments between 400 and 600 MPa at 1200 °C in six mafic compositions with 
variable alkali contents (Stromboli, Etna, Vesuvius, Erebus, Sunset Crater, and the San Francisco Volcanic Field). Results 
from our experiments indicate that existing volatile solubility models for alkali-rich mafic magmas, if extrapolated beyond 
their calibrated ranges, do not accurately describe  CO2 solubility at mid-crustal pressures. We adapt an existing thermody-
namic model to reflect our higher-pressure experimental data by determining model parameters ΔV0,m

r
 (partial molar volume 

change of  CO2 reaction) and K0 (equilibrium constant) for each studied composition. In these compositions, ΔV0,m

r
 is found 

to vary between ~ 15 and ~ 25 cm3 mol−1, while ln K0 ranges from − 14.9 to − 14.0. The calculated solubility curves show 
good agreement with  CO2 solubility data from the experiments and provide a more accurate description of  CO2 solubility 
than purely empirical fits. These new experiments indicate while  CO2 solubility is increased in alkali-rich mafic magmas, it 
is not simply controlled by total alkali content but rather the full multicomponent magma composition.

Keywords Volatile solubility · Basaltic explosive volcanism · Alkali basalts · Stromboli · Etna · Erebus

Introduction

The style and scale of volcanic eruptions are in part con-
trolled by the type and amount of volatile components in 
the magmatic system (e.g., Sparks 1978; Wilson 1980). 

Volatiles affect the dynamics of the volcanic system, from 
magma storage and evolution to ascent and eruption or 
degassing (e.g., Sparks 1978; Wilson 1980; Newman and 
Lowenstern 2002; Lesne et al. 2011b). Volatile solubility 
directly influences magmatic processes such as the timing 
of volatile exsolution and its effect on the bulk properties of 
the magma (e.g., Spera and Bergman 1980; Holloway and 
Blank 1994; Dixon and Stolper 1995; Manga et al. 1998), 
including crystallization (e.g., Moore and Carmichael 1998). 
Dissolved volatiles affect magmatic density and viscosity 
(e.g., Hess and Dingwell 1996; Ochs and Lange 1999), while 
bubbles formed from exsolved volatiles may regulate over-
all eruptive style (Sparks 1978; Wilson 1980; Wilson et al. 
1980). For example, volatiles exsolving from a slow-rising 
basaltic magma can decouple from the liquid, resulting in 
degassed lava flows or relatively small explosions from gas 
slugs (e.g., Blackburn et al. 1976; Wilson and Head 1981). 
Alternatively, abundant volatiles trapped in a rapidly ascend-
ing magma can produce hazardous sub-Plinian to Plinian 
eruptions (e.g., Wilson 1980; Walker 1993).
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Magmatic volatile contents can be constrained in a variety 
of ways, including by investigation of melt inclusions trapped 
in crystals growing in the magma at depth (e.g., Lowenstern 
1995). When combined with knowledge of volatile solubility, 
melt inclusion volatile concentrations can be used to calcu-
late entrapment pressures and therefore provide constraints on 
the magma plumbing system and the path to eruption (e.g., 
Lowenstern 1995; Holloway and Blank 1994; Dixon and 
Stolper 1995; Métrich et al. 2010). The composition of these 
volatiles can also affect eruptive dynamics. The volatile budget 
in a basaltic magma is primarily composed of water  (H2O) and 
carbon dioxide  (CO2), with water being the most abundant spe-
cies (e.g., Holloway 1981; Blank and Brooker 1994). However, 
 CO2 is much less soluble than water (e.g., Wyllie and Tuttle 
1959; Holloway and Blank 1994) and consequently makes up 
the bulk of the exsolved gas at depths greater than a few kilo-
meters.  CO2 solubility therefore plays a very important role in 
initiating the ascent and eruption of basaltic magmas.

Volatile solubility in magmas is strongly composition-
ally dependent. One control on overall volatile solubility is 
thought to be silica content (e.g., Holloway and Blank 1994; 
Newman and Lowenstern 2002). Nevertheless, mafic magmas 
with similar silica contents can exhibit drastically different 
volatile solubilities, the cause of which is primarily correlated 
to varied concentrations of alkali elements (e.g., Holloway 
and Blank 1994). Dixon (1997) described  H2O–CO2 solubil-
ity in alkali-rich basaltic magmas based on a parameteriza-
tion of the different elements in a magma composition. This 
model was developed using previously published datasets of 
mixed  H2O–CO2 experiments conducted between 100 MPa 
and 2 GPa for four mafic compositions with a range of silica 
and alkali contents (Pan et al. 1991; Thibault and Holloway 
1994; Holloway and Blank 1994; Dixon and Pan 1995; Dixon 
et al. 1995). The resulting compositional parameter Π was 
defined such that compositions with a greater Π value should 
have higher  CO2 solubility. Experimental work on mixed 
 H2O–CO2 solubility in alkali-rich mafic magmas continued 
over the years to incorporate more compositions across a 
large pressure range, including studies by Botcharnikov et al. 
(2005a), Behrens et al. (2009), Pichavant et al. (2009), Lesne 
et al. (2011a, b), Iacono-Marziano et al. (2012), Iacovino et al. 
(2013), Pichavant et al. (2014), Shishkina et al. (2014), Vetere 
et al. (2014), and Iacovino et al. (2016) (Fig. 1). Notably, the 
three compositions studied by Lesne et al. (2011b) had vary-
ing alkali contents but were fairly similar in other major ele-
ments, and yet their  CO2 solubilities did not uniformly cor-
relate with their Π values. This lack of obvious correlation 
suggests that in a narrow compositional range, Π may not 
explain all observed differences in  CO2 solubility.

There are some pressure ranges for which the existing 
experimental data for  H2O–CO2 solubility in alkali-rich 
mafic magmas is sparse. Figure 1 shows the total alkali con-
tent and experiment pressure of mixed  H2O–CO2 solubility 

experiments for alkali-rich mafic magmas. Subalkaline 
basaltic compositions that have been used to calibrate mod-
els for alkali-rich mafic magmas are also included. Note that 
although the maximum pressure shown in Fig. 1 is 600 MPa, 
there have been some experiments conducted at higher pres-
sures. As illustrated in Fig. 1, the region encompassing the 
middle of the crust (~ 300–600 MPa) is not well represented 
relative to the upper crust (< 300 MPa). For certain basaltic 
systems, low-pressure experiments (< 200 MPa) may provide 
constraints on volatile solubility sufficient for interpretation 
of melt inclusion volatile contents. Some explosive basaltic 
eruptions, however, have  CO2 contents higher than the cali-
brated limits of existing volatile solubility models (e.g., Sable 
et al. 2006; Allison 2018).

Additionally, recent work indicates that for some volca-
noes, previous analyses and calculations may underestimate 

Fig. 1  Previously published mixed  H2O–CO2 volatile solubility 
experiments in alkali-rich mafic magmas, plotted as the pressure 
and alkali content of experiments. Subalkaline basalts that have been 
incorporated into models for alkali basalts are also included. Experi-
ments shown are from the following studies: Pan et al. (1991), Thiba-
ult and Holloway (1994), Holloway and Blank (1994), Dixon et  al. 
(1995), Botcharnikov et al. (2005a), Behrens et al. (2009), Pichavant 
et al. (2009), Lesne et al. (2011a, b), Iacono-Marziano et al. (2012), 
Iacovino et al. (2013), Pichavant et al. (2014), Shishkina et al. (2014), 
Vetere et al. (2014), and Iacovino et al. (2016). Colors indicate clas-
sification of the magma compositions according to total alkali and 
silica content (see Fig. 2)
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 CO2 content by as much as 90% because significant  CO2 
sequesters into vapor bubbles within the melt inclusions 
during cooling (e.g., Hartley et al. 2014; Moore et al. 2015; 
Aster et al. 2016). The behavior of  CO2 at high pressure 
(indicated by high  CO2 contents) is complicated to model 
because its behavior is non-ideal (e.g., Holloway and 
Blank 1994). For example, while the fugacity of pure  H2O 
at 1200 °C and 400 MPa is only tens of MPa greater than 
the pressure, the fugacity of pure  CO2 at these conditions 
is > 1000 MPa, and this gap between pressure and  CO2 
fugacity continues to widen with increased pressure (Hollo-
way 1981, 1987; Holloway and Blank 1994). Another driver 
for additional  CO2 datasets is the fact that  CO2 appears to be 
more sensitive than water is to the compositional variabil-
ity of alkali-rich mafic magmas (e.g., Holloway and Blank 
1994; Dixon 1997; Lesne et al. 2011a, b).

To improve understanding of  CO2 solubility in alkali-
rich mafic compositions at mid-crustal pressures, we have 
conducted a new set of mixed  H2O–CO2 volatile solubility 
experiments. We studied a range of alkali-rich mafic compo-
sitions through experiments run at 1200 °C between 400 and 
600 MPa. While  CO2 was the focus of this work for the rea-
sons previously mentioned, we performed mixed  H2O–CO2 
experiments to appropriately consider solubility in natural 
systems that typically contain both fluids. We calculate 
empirical and thermodynamic fits for  CO2 solubility and 
use this new solubility data to better understand what affects 
and controls  CO2 solubility in alkali-rich mafic magmas.

Experimental techniques

Starting material

Six different basaltic compositions with variable alkali 
content were studied (Table  1; Fig.  2). Compositions 
include alkali basalts from Sunset Crater (AZ, USA) and 

Table 1  Compositions of starting glasses

Measurements are from electron microprobe analysis in oxide wt%, standard deviations are italicized, number of analyses listed in parentheses. 
Also listed are compositions from Lesne et al. (2011a, b) for comparison
a Total iron expressed as FeO

Composition SiO2 TiO2 Al2O3 FeOa MnO MgO CaO Na2O K2O P2O5 Total Source

Compositions used in this study
SFVF 52.77 1.18 17.28 7.88 0.19 5.86 9.19 3.39 1.50 0.76 100 Natural
(4) 0.82 0.04 0.25 0.56 0.04 0.43 0.44 0.44 0.17 0.07
Sunset Crater 47.61 1.80 16.22 11.02 0.17 8.66 9.84 3.43 0.80 0.45 100 Natural
(8) 0.87 0.06 1.20 1.02 0.02 1.58 0.25 0.22 0.07 0.06
Erebus 47.49 2.79 18.83 10.36 0.29 3.31 6.95 6.03 2.78 1.17 100 Synthesized
(4) 0.36 0.05 0.60 0.37 0.03 0.31 0.29 0.09 0.12 0.06
Vesuvius 48.69 0.98 15.26 8.15 0.23 6.68 11.60 1.93 5.86 0.62 100 Synthesized
(4) 0.28 0.02 0.29 0.14 0.02 0.38 0.29 0.06 0.19 0.04
Etna 47.46 1.81 16.17 10.47 0.20 6.74 11.42 3.48 1.72 0.52 100 Natural
(6) 0.41 0.09 1.36 0.80 0.03 0.90 0.50 0.28 0.21 0.03
Stromboli 48.85 0.83 16.83 8.15 0.20 7.81 12.45 2.46 1.99 0.43 100 Synthesized
(30) 0.54 0.02 0.67 0.33 0.02 0.54 0.43 0.13 0.15 0.05
Compositions from Lesne et al. (2011a, b)
VES-9 (Vesuvius) 48.67 0.97 14.72 7.62 0.14 6.82 12.94 1.82 5.63 0.66 100 Natural
ETN-1 (Etna) 47.95 1.67 17.32 10.24 0.17 5.76 10.93 3.45 1.99 0.51 100 Natural
PST-9 (Stromboli) 49.82 0.81 15.94 7.71 0.20 8.07 12.81 2.32 1.92 0.40 100 Natural

Fig. 2  Starting glass compositions on total alkali silica diagram
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Stromboli (Italy), a trachybasalt from Etna (Italy), a basal-
tic andesite from the San Francisco Volcanic Field (SFVF, 
AZ, USA), and phonotephrites from Erebus (Antarctica) 
and Vesuvius (Italy). These compositions range in total 
alkali content from ~ 4 to 9 wt%, with variable  Na2O/K2O 
ratios and all but the Vesuvius composition containing 
more  Na2O than  K2O. Notably, the Vesuvius and Erebus 
compositions have similar total alkali contents and nearly 
reciprocal  Na2O/K2O ratios. The other four composi-
tions differ in total alkali content by only 1 wt%.  SiO2 
content is between ~ 47.5 and 49 wt% in all but the SFVF 
composition, which has nearly 53 wt%  SiO2. The com-
positions exhibit a wide range of MgO (~ 3.3 to 8.7 wt%) 
and CaO (~ 7 to 12.5 wt%) contents. Smaller variations 
are found in iron (expressed as FeO; ~ 8 to 11 wt%) and 
 Al2O3 (~ 15 to 19 wt%). One motivation for the inclusion 
of the Stromboli, Etna, and Vesuvius magmas is that Lesne 
et al. (2011a, b) recently conducted low-pressure vola-
tile solubility experiments on these compositions. Addi-
tional experiments on these compositions at mid-crustal 
pressures can yield valuable insight into the accuracy of 
extrapolating solubility models. Furthermore, incorpora-
tion of the lower pressure results from Lesne et al. (2011a, 
b) with the new experimental data at higher pressure from 
this study will permit modeling of volatile solubility over 
a larger compositional and pressure range. 

All experimental work and sample preparation were 
conducted in the high-pressure facility at Arizona State 
University (ASU). Three natural samples were collected, 
and the remaining three compositions were synthesized 
from powdered oxide and carbonate components to match 
specific magma compositions from the literature (Table 1). 
Starting glasses were dried and homogenized or synthe-
sized from oxide powders. For the natural samples, a small 
amount of material (~ 5 g) was first broken up into coarse 
pieces using carbide anvils with a Carver press, and then 
finely crushed under ethanol using an agate mortar and 
pestle. This rock was placed in an iron-saturated Pt cruci-
ble, heated in a 1 atm gas-mixing furnace set to 1400 °C 
at  fO2 conditions equal to the NNO buffer controlled by a 
CO–CO2 gas mixture for at least 90 min, and then drop-
quenched into water. For the synthesized samples, approxi-
mately 4 g total of powdered oxides was measured out 
based on the components of the published compositions 
and then mixed together under ethanol using an agate mor-
tar and pestle. The powdered mixture was melted using 
the same gas-mixing furnace conditions as for the natu-
ral samples for just 30 min. The synthesized glass was 
removed, crushed, and sent through another 30-min cycle 
in the gas-mixing furnace to ensure homogeneity. The 
resulting glasses were verified to reproduce the desired 
compositions by electron microprobe analysis prior to use 
in experiments.

Experimental setup

Experimental capsules were manufactured from 5 mm-diam-
eter  Au80Pd20 tubing with lids cut from foil or unwrapped 
tubing and shaped with a die. Typical capsule lengths were 
around 5 mm, and exact capsule measurements are recorded 
in Table 2. The capsules were welded using a 60 W Nd:YAG 
laser (LaserStar). After attaching one lid, the capsules were 
filled with approximately 50 mg of dried, crushed starting 
glass.  H2O and  CO2 were added as oxalic acid dihydrate 
crystals (1.3–2.6 mg; typically > 2 mg) with additional liq-
uid water (0.25–2.5 mg) added by micro-syringe. The vola-
tile mixture varied based on the exact capsule length and 
corresponding mass of glass added, approximate expected 
solubility, and the planned run pressure, targeting primar-
ily  CO2-rich fluid conditions. The masses of components 
added to the capsules can be found in Table 2. The capsules 
were sealed and weighed, then placed in a drying oven and 
later weighed again to check for any leaks prior to use in an 
experiment. 

The solid-media assembly constructed for the piston–cyl-
inder experiments was modified from the NaCl–Pyrex–MgO 
assembly described in Moore et al. (2008), as shown in the 
schematic cross section in Fig. 3a. One primary difference 
is that a small diameter graphite furnace (7.62 mm O.D.) 
was used to facilitate fast quench rates, and the resulting 
gap between the Pyrex furnace insulator and outer NaCl was 
filled with a sleeve made from crushable MgO. A boron 
nitride (BN) disk was placed above the Pyrex at the top of 
the capsule to accommodate volume changes within the cap-
sule. The Pyrex furnace insulator was spiral cut to facilitate 
even compression of the assembly during pressurization 
and minimize potential deformation of the graphite furnace. 
Note that one experiment, SU-1, was run using the larger 
diameter furnace (10.85 mm O.D.) designed for the 19-mm 
assembly. Experiments SU-1 and SU-2 did not include a BN 
disk at the top of the capsule in their assemblies. The cap-
sules in experiments Z-15 and Z-22 were packed with Pyrex 
powder inside a BN capsule. The BN capsule approach was 
not pursued further because smooth and symmetric deforma-
tion of the brittle  Au80Pd20 capsule was best achieved in the 
assembly design shown in Fig. 3a.

Experiments

Volatile solubility experiments were conducted in a non-
end-loaded piston–cylinder apparatus. The pressure plate 
was treated with white Molykote HP-300 grease before 
insertion of the assembly. Each experiment was performed 
at 1200 °C as recorded by a crossed wire (W5Re–W26Re) 
thermocouple at the capsule base and a constant pressure 
between 400 and 600 MPa (see Table 2). These values of 
pressure were converted from measurements of oil pressure 
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using a Heise gauge. The heating and pressurization routine 
took place in three stages. The assembly was first pressur-
ized to ~ 100 MPa, then simultaneously heated and pressur-
ized at rates of ~ 30 °C min−1 and ~ 25 MPa min−1 until the 
maximum pressure was reached around 500–600 °C. The 
remaining heating was carried out under isobaric conditions. 
The experiments were run for approximately 24 h to achieve 
full homogenization and then quenched isobarically. The 
quench rate was approximately 85 °C s−1 during the initial 
temperature drop, and while the rate slowed as the quench 

progressed, all experiments reached 800 °C within 5.5 s and 
cooled to 350 °C within 16.5 s.

After each run, the assembly was removed, cracked open 
to retrieve the capsule, and carefully inspected. An exam-
ple of an opened assembly post-run, after removal of the 
base plug, is shown in Fig. 3b. The furnace was checked 
for any fractures, and geometric measurements were taken 
to confirm that the centered position of the capsule had not 
changed during compression and heating of the assembly. A 
fractured furnace could facilitate diffusion of carbon through 
the assembly, but none of the successful experiments in this 
study had fractures or irregularities in the furnace upon 
inspection post-run. Capsules outside of the central “hot 
spot” of the furnace may experience lateral temperature vari-
ations, but none of the experiments in this study had capsule 
positions outside of the central hot spot. Additionally, the 
capsules in this study were relatively short (~ 5 mm), which 
helped to minimize the potential influence of the thermal 
gradient. After extraction from the assembly, the capsules 
were cleaned with hydrofluoric acid to remove all Pyrex 
glass attached to the capsule exterior. Capsules were then 
weighed and any that registered mass loss during the run 
were not analyzed.

Analytical techniques

Fluid composition analysis

To calculate solubility relationships from the experiments, 
the composition of the fluid in equilibrium with the liquid 
(magma + dissolved volatiles) must be measured. Assum-
ing Henrian behavior in this range of experimental condi-
tions, the dissolved volatile content is proportional to the 
pressure (fugacity) from the fluid phase. The fluid composi-
tion of successful experiments was measured using vacuum 
manometry. The capsules were punctured under vacuum, 
and the fluid was frozen in liquid nitrogen and dry ice–etha-
nol traps to separate the  H2O and  CO2.

Each volatile species was moved to a U-tube manometer 
using a Toepler pump, and the height of the Hg columns 
was measured using a cathetometer.  H2O was reduced to 
hydrogen gas prior to measurement using heated uranium 
or chromium. The hydrogen reduction failed for several cap-
sules (see Table 2) because the metal catalyst was exhausted. 
For these capsules, the  H2O in the fluid was calculated by 
difference (refer to supplementary material). We estimate 
the error of the  CO2 analysis to be 1%, and for  H2O, 5%. 
The error in estimated  H2O fluid for the capsules with failed 
hydrogen reduction may reach 20%.

A non-condensable fluid was also typically present in the 
capsules, indicated by a non-zero residual pressure. This resid-
ual pressure was noted and then the gas was pumped away, 

a

b

Fig. 3  Experimental assembly. a Representative schematic of the 
experimental assembly in cross section. Note that several experiments 
used a slightly modified assembly as detailed in the text. b Post-
run assembly of experiment VS-3. The base plug has been removed 
where thermocouple lead is exposed, and concentric layers (moving 
inward) of NaCl, crushable MgO, Pyrex and graphite are visible. The 
white material in contact with the left side of the deformed experi-
mental capsule is Pyrex, and the material above and below the cap-
sule is crushable MgO that appears black at its outer surface from 
contact with the graphite furnace
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but in rare cases the non-condensable fluid was measured by 
manometry. Analysis of the non-condensable fluid indicated 
that it was at micromole abundance in the experiments pre-
sented here and likely represents nitrogen from air introduced 
during capsule filling. Capsules sealed under vacuum for 
another experimental study, which incorporated less air than 
the capsules in this study sealed at ambient conditions, had 
roughly one-third the abundance of a non-condensable fluid 
phase, consistent with nitrogen from air as the source of this 
fluid.

Major element analysis

Starting glasses (both natural and synthesized) and glass chips 
from each experiment were mounted in epoxy, polished, car-
bon coated, and analyzed for major elements using a Cameca 
SX100 Ultra electron microprobe at the University of Arizona. 
Natural crystals and synthetic glasses were used as standards. 
Each element was counted for 20 s (10 s for Na, counted first in 
the sequence) using 15 keV accelerating voltage, 20 nA beam 
current, and a 15 μm spot size. At least four spots spread out 
across the glass chips were analyzed for each sample. In all 
cases, the analyses demonstrated homogeneous starting glass 
compositions.

Dissolved volatile content analysis

H2O and  CO2 contents of the experiments were determined 
by Fourier transform infrared spectroscopy (FTIR). Dou-
bly polished wafers of glass chips from each experiment 
were polished by hand for transmission FTIR analysis. We 
analyzed a minimum of three wafers of variable thickness 
(~ 200 μm, ~ 90 μm, and ~ 50 μm) from each experiment to 
obtain good absorbance peaks for each volatile species. For 
most experiments, wafers of six different thicknesses (~ 200 
μm, ~ 90 μm, ~ 60 μm, ~ 50 μm, ~ 40 μm, and ~ 30 μm) were 
prepared to account for a wide range of  H2O and  CO2 contents. 
The  CO2 content was determined from the CO2−

3
 absorption 

doublet around 1500 cm−1. The total  H2O was determined 
from individual water species  (OH− and  H2Omol) in the near-IR 
range around 4500 cm−1 and 5200 cm−1, respectively. FTIR 
analyses were performed using a Nicolet iN10 MX instrument 
at the United States Geological Survey in Menlo Park. Spec-
tra were collected between 5500 and 1000 cm−1 wavenum-
ber for 45 s (128 scans) with high spectral resolution using 
a 50 μm × 50 μm aperture, and a background was collected 
before analyzing each sample.

H2O and  CO2 contents were calculated using the Beer-
Lambert Law

(1)C =
MW ∗ A

� ∗ � ∗ d

,

where C is the concentration in wt%, MW is the molecu-
lar weight of the absorbing species, A is the peak height 
(absorbance) of interest, d is the sample thickness in cm, 
ρ is the density of the sample in g L−1, and ε is a molar 
absorption coefficient in L mol cm−1. Thicknesses were 
determined using a Zygo ZeScope optical profilometer in 
the LeRoy Eyring Center for Solid State Science at ASU. 
For selected samples, interference fringes in the transmis-
sion FTIR spectra were used to confirm thicknesses (e.g., 
Nichols and Wysoczanski 2007). The average difference 
between thickness measurements from the two techniques 
was less than 3 µm, consistent with the standard deviation 
reported in Nichols and Wysoczanski (2007) of the differ-
ence in thickness of glass chips measured both by the fringe 
method and a digital displacement gauge. Glass density was 
determined for each experiment using the method detailed in 
Luhr (2001) wherein molecular partial molar volume con-
tributions are totaled for dry glass and density is calculated 
iteratively based on water content.

Molar absorption coefficients vary by glass composition 
(e.g., Dixon and Pan 1995; Dixon et al. 1995; Mandev-
ille et al. 2002). These piston–cylinder experiments do 
not produce enough material for bulk volatile determina-
tions, and so new molar absorption coefficients for these 
compositions were not calibrated. However, the relation-
ship from Dixon and Pan (1995) that correlated absorp-
tion coefficients for  CO2 (dissolved as CO2−

3
 ) to Na–Ca 

contents of alkali-rich mafic magmas was calibrated using 
magmas that span the range of compositions in this study. 
The �CO2

 values (in L mol cm−1) calculated for each com-
position using the method of Dixon and Pan (1995) for 
the ~ 1520 cm−1 peak are as follows: 314 for Sunset Cra-
ter, 309 for SFVF, 235 for Erebus, 369 Vesuvius, 325 for 
Etna, and 358 for Stromboli. For water species, the most 
appropriate molar absorption coefficients for this compo-
sitional range are 63 L mol cm−1 for �H2O

tot from Dixon 
et al. (1988), and for the near-IR peaks, 0.67 L mol cm−1 
for �OH− and 0.62 L mol cm−1 for �H2O

mol from Dixon et al. 
(1995).

The measurement of absorbance from an FTIR spec-
trum and the molar absorption coefficient are inherently 
linked, because absorption coefficients vary depending on 
the selected baseline subtraction technique (e.g., Ohlhorst 
et al. 2001). In Dixon and Pan (1995), absorbance values 
are measured after subtraction of a spectrum of a volatile-
free sample of the same composition, corrected for density 
and sample thickness. The subtracted spectrum must be an 
accurate structural match, meaning that the resulting base-
line-corrected spectrum from ~ 1275 to 1975 cm−1 appears 
essentially flat with three peaks: one from molecular  H2O (in 
hydrous samples), and two sub-equal peaks from the carbon-
ate doublet (e.g., Fig. 1b in Dixon et al. 1995). French-curve 
(flexicurve) baselines were used to reproduce the spectra 
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of volatile-free samples to match the baseline subtraction 
techniques that produced the absorption coefficients.

It has been suggested that the Na–Ca relationship of 
Dixon and Pan (1995) may not be valid for potassium-
rich glasses (i.e., the Vesuvius composition). However, the 
absorption coefficient value determined by Behrens et al. 
(2009) for an ultra-potassic magma agrees with the Dixon 
and Pan (1995) trend within error. Other recent studies of 
natural magmas (e.g., Shishkina et al. 2010, 2014) have also 
determined new coefficients for alkali-rich magmas that 
mostly agree with the Dixon and Pan (1995) trend, within 
error, despite some differences in results from the baseline 
subtraction.

Calculated volatile contents from FTIR data are opti-
mized in this study in two different ways. First, the opti-
cal profilometry utilized to calculate the thickness of each 
sample produces a thickness map for the entire sample, and 
so the precise thickness (nm resolution) across the FTIR 
aperture was easily determined. Second, several wafers for 
each experiment with variable thicknesses were analyzed to 
provide multiple independently calculated values for vola-
tile contents, which generally agree within < 100 ppm for 
 CO2 and < 0.05 wt% for  H2O determined by near-IR peaks. 
For these reasons, the uncertainty in the dissolved volatile 
content calculations is primarily related to absorption coef-
ficients and not to the other variables. The corresponding 
uncertainty in glass  CO2 contents is estimated to be 5% 
for the Sunset Crater, SFVF, Etna, and Stromboli compo-
sitions, which for reference would correspond with ± ~ 15 
L mol cm−1 error in �CO2

 values. Because the Vesuvius and 
Erebus compositions are just beyond the calibrated com-
positional range of the Dixon and Pan (1995) relationship, 
we estimate higher error in  CO2 glass contents of 10% for 
these two compositions. Because we do not change molar 
absorption coefficients for  H2O by magma composition, we 
estimate 10% error in all  H2O glass measurements.

Results

The experiments conducted in this study were designed to 
quantify and describe  CO2 solubility in alkali-rich mafic 
magmas at mid-crustal pressures. Mixed  (H2O–CO2) fluid 
rather than pure  CO2 experiments were conducted for sev-
eral reasons. First, there is a possibility of reduced  CO2 
solubility at very low water contents (e.g., Ghiorso and 
Gualda 2015), and so these experiments constrain  CO2 
solubility in the presence of  H2O. Most natural magmas 
have mixed fluid compositions (e.g., Métrich et al. 2010; 
Hartley et al. 2014; Allison 2018; Moore et al. 2015; Aster 
et al. 2016) and these experiments therefore replicate con-
ditions within the natural magmatic system. Additionally, 
use of mixed fluid compositions yields greater flexibility 

in the  CO2 fugacity. To obtain data at high  CO2 fugacities 
(and therefore higher  CO2 partial pressures) in these mixed 
experiments,  CO2-rich fluid compositions were targeted. 
This was achieved by adding only small amounts of liquid 
water in addition to the oxalic acid dihydrate crystals to 
the capsules as sources of volatiles. Accordingly, we first 
explain results from the fluid composition analysis and 
the calculated fugacities ( fCO2

 and fH2O
) for each volatile 

species. We continue with details of the oxygen fugac-
ity conditions of the experiments and observations of the 
experimental glasses. The volatile solubility of each com-
position is then described by the trend between fugacity 
and dissolved volatile contents.

Manometry and fugacity

Analyses of capsule fluids are summarized in Table 2. The 
manometry analysis indicated that nearly all of the fluid in 
the capsule was represented by  H2O and  CO2. In experi-
ments for which both  H2O and  CO2 were measured by 
manometry (15 experiments), the fluid mass determined 
by manometry represented on average 96% of the total 
mass lost from the capsule upon puncture. Excluding 
experiment Z-15 from this average, which lost some non-
fluid mass during puncture in the form of assembly mate-
rial stuck to the capsule, improves this average to 98%. 
Non-condensable fluids, primarily nitrogen from air incor-
porated in the capsule, therefore represent only a very 
small mass fraction of the fluid. With one exception, all 
the experiments were run at  CO2-rich conditions, with 
fluid compositions < 0.26 mole fraction  H2O ( Xf

H2O
 ). The 

more water-rich fluid in experiment SU-7 achieved lower 
 CO2 fugacity while still running within our defined pres-
sure range. The Erebus experiments were specifically run 
at very  CO2-rich conditions to keep water contents (and 
therefore total volatile contents) low to avoid FTIR spectra 
with merged carbonate peaks (see Iacovino et al. 2013). 
On average, the Xf

H2O
 in this study is 0.170.

The pure  H2O and  CO2 fugacities for each experi-
ment were calculated using the modified Redlich–Kwong 
equation of state (Holloway 1981; 1987; Holloway and 
Blank 1994) with the Saxena and Fei (1987) high-pres-
sure correction. MATLAB codes to calculate fugacities, 
translated from Quickbasic scripts given in Holloway and 
Blank (1994), are included in the supplementary material. 
Additionally, an Excel spreadsheet provided in the sup-
plementary material includes options to calculate fugacity 
and partial pressures of  H2O and  CO2 using the fugacity 
model from Holloway and Blank (1994). The specific  H2O 
and  CO2 fugacities of each experiment, listed in Table 2, 
are calculated from the pure fluid fugacity of each species 
multiplied by the fluid mole fraction of the species.
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Oxygen fugacity

The oxygen fugacity ( f
O2

 ) conditions were not varied during 
these experiments. Some experimental studies in internally 
heated pressure vessels have noted a direct correlation 
between experimental f

O2
 and capsule fluid composition 

( Xf

H2O
 ; e.g., Botcharnikov et al. 2005b). In those experi-

ments, capsules with  H2O-poor fluids, like the ones in this 
study, would have a tendency to gain hydrogen through dif-
fusion, thereby creating reducing conditions in the capsule 
(Botcharnikov et al. 2005b). This relationship suggests that 
variation in fluid composition from high to low Xf

H2O
 would 

result in more than several log units change in f
O2

 . While this 
concern is valid for experiments in gas vessels, the experi-
mental setup described here was designed specifically to 
avoid changing f

O2
 conditions from hydrogen diffusion.

The oxygen fugacity was not directly measured during 
these new experiments, but there are several lines of evi-
dence to indicate oxidizing conditions for all experiments. 
First, the intrinsic f

O2
 of the piston–cylinder used in this 

study is NNO + 1 (Iacovino et al. 2013). Second, the solid-
media components of the assembly were chosen to prevent 
diffusion and the crushable MgO used throughout the assem-
bly is irreducible, which acts to buffer f

O2
 to oxidizing condi-

tions. Third, several similar experiments using an oxygen 
sensor were conducted and indicate that oxidizing conditions 
are maintained at low Xf

H2O
 . The sensor consisted of nickel 

and nickel oxide powder sealed in a 2 mm Pt capsule, which 
was placed inside the  Au80Pd20 experimental capsule. Small 
additions of oxalic acid dihydrate provided  H2O, with the 
capsules sealed under vacuum to set Xf

H2O
 < 0.1, but other 

details of the assembly were identical to those used in this 
study. Post-run analysis showed that the sensor capsules con-
tained only nickel oxide, consistent with oxidizing condi-
tions above NNO even at low Xf

H2O
.

Finally, results of fluid manometry are also consistent 
with high experimental f

O2
 . There is no evidence that 

reduced volatile phases such as CO and  CH4 are present in 
capsule fluids. If CO or  CH4 were present, they would not 
condense at liquid nitrogen temperatures at vacuum pressure 
and would contribute to significant non-condensed fluid. 
Additionally, if f

O2
 was decreasing with Xf

H2O
 , there would 

be a correlation between the amount of non-condensed fluid 
and Xf

H2O
 . Instead, the amount of non-condensed fluid is uni-

formly low (micromole level) and shows no correlation with 
X
f

H2O
 . In fact, as described in “Fluid composition analysis”, 

the results of a separate study show that the non-condensed 
fluid in vacuum-sealed capsules, with very  CO2-rich fluid 
(i.e., Xf

H2O
 < 0.1), is roughly one-third of that of capsules 

sealed in air. This observation is consistent with the non-
condensed phase being composed of nitrogen. This 

evidence, combined with the excellent mass balance of 
manometry measurements, indicates that only  H2O,  CO2, 
and a negligible amount of nitrogen are present in the cap-
sule fluids. This result confirms that the experimental cap-
sules essentially contain a pure mixed fluid of  H2O and  CO2.

Physical observations and major element 
composition

Quenched run products from successful experiments range 
in color from brownish to black glass. Glasses from Erebus 
experiments are nearly opaque in thicker chips, possibly due 
to high Ti content (Iacovino et al., 2013), but still exhibit 
vitreous luster overall and appear translucent in thinner sam-
ples. Quench microcrystals are very rare and do not make up 
any significant portion of the glass. Rare plagioclase micro-
phenocrysts were only observed in glasses from experiments 
SU-2 and SU-7. Imprints of bubbles can be observed at the 
top of the capsules, providing additional proof of fluid satu-
ration at run conditions. Glass chips selected for analysis 
were not taken from the very top portion of the capsule to 
avoid any micro-bubbles or crystals that could be present.

Experiment glasses exhibit homogeneity in their major 
element compositions with some iron loss to the capsule. 
As shown in Table 2, approximately 86.5% of the iron was 
retained from the starting composition. Full major element 
compositional data for each experiment is provided in the 
supplementary material. With the exception of some Fe loss, 
all other elements show good agreement with the compo-
sition of the starting glass. Calculated glass densities are 
between ~ 2550 and 2700 g L−1 (Table 3).

Carbon dioxide

Results of the infrared analysis of  CO2 contents of experi-
mental glasses are plotted in Fig. 4 and listed in Tables 2, 
3. The  CO2 contents of each experiment are reproducible 
within ~ 100 ppm from multiple wafers of variable thick-
nesses. For ease of comparison, the compositions with 
lower  CO2 solubilities, Sunset Crater, SFVF, and Erebus, 
are shown in Fig. 4a and the remaining compositions are 
shown in Fig. 4b. In Fig. 4a, best fit curves using power law 
fits are plotted through the Sunset Crater and SFVF experi-
ments to compare the relative solubility differences between 
these two compositions.

CO2 contents for experiments on the Stromboli, Etna, 
and Vesuvius compositions are shown in Fig.  4b. We 
have included  CO2 data at low pressures from Lesne et al. 
(2011b) as circles in Fig. 4b, and these values have been 
adjusted to utilize the Dixon and Pan (1995) absorption 
coefficients for carbonate for uniform comparison with our 
data. Accordingly, we also adjust the fugacity values of the 
Lesne et al. (2011b) data as they differ slightly from values 
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calculated from the modified Redlich–Kwong equation of 
state that is used in this study. The power curve (dotted) 
for the Sunset Crater composition is also plotted in Fig. 4b 
for comparison with these other compositions. The dashed 
lines in Fig. 4b represent power law fits from Lesne et al. 
(2011b) that have been extrapolated for comparison with 
our high-pressure data and will be discussed later.

The lowest  CO2 solubility is recorded by the most 
evolved composition, the basaltic andesite (SFVF). It is 
also notable that three of the other experimental composi-
tions show  CO2 solubility relationships that are indistin-
guishable from each other. The Sunset Crater and Strom-
boli alkali basalts, as well as the Erebus phonotephrite, 
show trends of  CO2 concentration versus fugacity that 
largely overlap. The highest  CO2 solubilities are recorded 
by two of the three compositions with high total alkali 
contents. The Etna trachybasalt and the Vesuvius pho-
notephrite record the highest  CO2 solubilities, with the 
Vesuvius composition dissolving the most  CO2 of all six 
compositions in this pressure range.

To estimate overall  CO2 solubility in this pressure 
range, we use power law fits through the experimental 
data. We calculate new power law regressions for these 
compositions using the Lesne et al. (2011b) low-pressure 
data in addition to our new experiments and yield the fol-
lowing equations, where  fCO2

 is the  CO2 fugacity:

We also calculate power law regressions for the other 
three compositions in this study, yielding the following 
equations:

These trends confirm the validity of the assumption of 
Henrian behavior for  CO2 at these experimental condi-
tions. We note that without lower-pressure data for the 
SFVF, Sunset Crater, and Erebus compositions, the power 
law fits may not accurately represent  CO2 solubility at 
pressures lower than our experimental range.

(2)
CO2(ppm) = 1.050 ∗ f

1200◦C 0.883
CO2

; R
2
= 0.996 for Stromboli,

(3)
CO2(ppm) = 2.831 ∗ f

1200◦C 0.797
CO2

; R
2
= 0.990 for Etna,

(4)
CO2(ppm) = 4.796 ∗ f

1200◦C 0.754
CO2

; R
2
= 0.995 for Vesuvius.

(5)
CO2(ppm) = 3.273 ∗ f

1200◦C 0.740
CO2

; R
2
= 0.999 for SFVF,

(6)
CO2(ppm) = 4.320 ∗ f

1200◦C 0.728
CO2

; R
2
= 0.987 for Sunset Crater,

(7)
CO2(ppm) = 5.145 ∗ f

1200◦C 0.713
CO2

; R
2
= 0.983 for Erebus.
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Water

Water contents of these experiments determined from 
peaks in the near-IR FTIR spectra are between ~ 2.1 
and 5.3 wt% across a fugacity range of ~ 20  to 215 MPa 
(Fig. 5; Tables 2, 3). The water contents of each experi-
ment determined by near-IR peaks are reproducible 
within ~ 0.05 wt% from multiple wafers of variable thick-
nesses. Water contents determined by the ~ 3500 cm−1 
peak sometimes show moderate agreement with the 
near-IR data, but usually produce lower values (Table 3). 
The absorbance values for the ~ 3500 cm−1 peak are usu-
ally > 1, even in many of the thinnest wafers, at which 
point the height of the peak may not be proportional to 
concentration (Schrader 1995; von Aulock et al. 2014). 
These high absorbance values explain why water con-
tent calculated from the ~ 3500 cm−1 peak is consistently 
lower than the water content calculated from near-IR 
peaks, and accordingly why we prefer water contents 
calculated by near-IR peaks. The overall trends of water 
content versus fugacity for each composition, shown in 
Fig. 5 with a power fit for the Etna composition from 
Lesne et al. (2011a), are generally indistinguishable from 
each other in this dataset. Experiment VS-2 is the primary 
exception to the overall trend, likely due to error in its 
recorded fugacity rather than its measured water content. 
This experiment had an incomplete fluid measurement 
by manometry (see “Fluid composition analysis”), which 
may exaggerate error in the  H2O fugacity.

a b

Fig. 4  Dissolved  CO2 concentration versus experiment  CO2 fugacity 
(squares). a Results for the SFVF, Sunset Crater, and Erebus compo-
sitions. Curves are power fits through the data for Sunset Crater and 
SFVF compositions. b Results for the Vesuvius, Etna, and Stromboli 

compositions, including experimental data from Lesne et al. (2011b) 
shown as circles. Curves are power fits from Lesne et  al. (2011b), 
extrapolated as dashed curves. Power fit from Sunset Crater from 
Fig. 4a shown as dotted curve for reference

Fig. 5  Dissolved  H2O concentration versus experiment fugacity 
(squares). Symbols with an x represent experiments for which the 
 H2O manometry failed (see “Fluid composition analysis”). The power 
law fit for the Etna composition (Eq. 8) from Lesne et al. (2011a) is 
also included



Contributions to Mineralogy and Petrology          (2019) 174:58  

1 3

Page 13 of 24    58 

Discussion

Do existing solubility models describe new 
experimental data?

We compare our  CO2 solubility data to several existing 
 CO2 solubility models for alkali-rich mafic magmas as 
well as to MagmaSat (Ghiorso and Gualda 2015), a mixed 
 H2O–CO2 solubility model for all natural magmas. A com-
prehensive comparison of solubility models is beyond the 
scope of this work, but these comparisons are included to 
illustrate how the new experimental data contributes new 
information to existing understanding of  CO2 solubility. 
Although it was not the primary objective of this study, 
we also include a brief comparison of the  H2O solubility 
data to one of the latest  H2O models for these magma 
compositions.

Dixon (1997): the Π model

The Π model of Dixon (1997) was one of the first to con-
strain  CO2 solubility for a range of alkali-rich mafic mag-
mas. In this approach, major element cation fractions from 
four mafic compositions were combined into a parameter 
called Π, which was then linearly correlated with  CO2 
solubility at constant pressure (1000 bar). While applying 
this model to natural samples, Dixon (1997) found that Π 
varied linearly with  SiO2 content in glasses from an alkalic 
ocean island suite, and so  SiO2 content was used as a proxy 
for Π. This parameterization was then integrated into a 
thermodynamic model (Fine and Stolper 1986; Stolper 
and Holloway 1988; Dixon et al. 1995) to calculate  CO2 
solubility. The thermodynamic model requires at least two 
empirically determined input parameters (see next sec-
tion), and one of these parameters was defined using the 
compositional relationship Π (or  SiO2). The other param-
eter was estimated as a constant for all mafic magmas. 
The simplified  SiO2-based algorithm of Dixon (1997) was 
later incorporated into the VolatileCalc  H2O–CO2 solution 
model (Newman and Lowenstern 2002), and the Π param-
eterization was included in the SolEx COHSCl volatile 
solubility model (Witham et al. 2012).

In Fig. 6, we compare the Π model to our new experi-
ments. We plot Π and  CO2 solubility (as determined by 
power law fits, Eqs. 2–7) for our six compositions at a 
pressure of 500 MPa, which is the average pressure in our 
study. In Dixon (1997), Π values are calculated using cat-
ion fractions, including  Fe2+ after correcting iron contents 
for oxygen fugacity. Therefore, for appropriate comparison 
with the compositions from Dixon (1997), Π values for 
the six compositions in this study are calculated for an 

oxygen fugacity of NNO +1 using the method of Kilinc 
et al. (1983). Also included in Fig. 6 are the  CO2 solubili-
ties at 500 MPa pressure for the four compositions used 
in Dixon (1997) to define Π. The  CO2 concentrations for 
these additional compositions were calculated at 500 MPa 
from the thermodynamic model using the parameters cal-
culated for each composition in the original experimental 
papers (Pan et al. 1991; Thibault and Holloway 1994; Hol-
loway and Blank 1994; Dixon and Pan 1995; Dixon et al. 
1995). The Π values of these four compositions are the 
values given in Dixon (1997). Because Π was designed 
to correlate linearly with  CO2 solubility at constant pres-
sures, a linear regression with a y-intercept of zero is also 
fit through the Dixon (1997) compositions for reference.

The Π model does not perform well for our data. 
Although Vesuvius appears to fall along the original trend, 
the mismatch for other compositions becomes progressively 
worse with decreasing values of Π. Overall, the composi-
tions do not follow the simple linear relationship between 
Π and  CO2 solubility that Dixon (1997) observed. Addi-
tionally, the three compositions from Dixon (1997) with Π 
values between ~ 0.4 and 1.0 have significantly lower solu-
bilities than the compositions from this study despite nearly 
identical Π values. This discrepancy suggests that there 
are solubility differences between magmas with similar Π 

Fig. 6  Comparison of solubility for the six compositions in this study 
(squares) at 500 MPa to Π parameter (Dixon 1997).  CO2 concentra-
tions at 500 MPa are calculated by power law fits through the experi-
mental data (Eqs.  2–7) and Π values are calculated assuming an 
oxidation state corresponding to NNO + 1 as calculated using Kilinc 
et al. (1983). Also plotted are the Π values and  CO2 concentrations at 
500 MPa for the four compositions discussed in Dixon (1997), shown 
as circles, with a linear fit through these data
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values. We speculate that there may be interactions between 
components that are not accounted for by the Π parameter. 
Finally, the Π model cannot calculate  CO2 solubilities for 
compositions with negative values of Π (Moore 2008), such 
as the SFVF composition.

Lesne et al. (2011b): empirical power law models

The Lesne et al. (2011b) study contains multiple models, 
including empirical power law fits as previously mentioned 
(Fig. 4b). When extrapolated to higher pressure, these power 
law models overestimate  CO2 solubility in the Vesuvius and 
Stromboli compositions (Fig. 4b), but show good agreement 
with the new Etna experiments. We emphasize that Lesne 
et al. (2011b) do not recommend and did not intend these 
fits to be used at pressures beyond their experimental range. 
However, it is still interesting to note that at these higher 
pressures, the extrapolated Etna and Stromboli low-pressure 
power fits cross each other (Fig. 4b) and diverge considera-
bly. If these extrapolated fits represent true solubility curves, 
then we would conclude that  CO2 is much more soluble in 
the Stromboli magma than in the Etna magma at high pres-
sures (> 500 MPa  CO2 fugacity or ~ 270 MPa pressure for a 
pure  CO2 fluid) despite the opposite trend at low pressures. 
Our experimental data do not show any evidence for signifi-
cant changes in relative  CO2 solubilities between composi-
tions at different pressures, and thus we find it unlikely to 
occur in natural magmas.

Lesne et al. (2011b): thermodynamic models

The Lesne et al. (2011b) study also includes a thermody-
namic approach based on the model of Fine and Stolper 
(1986), Stolper and Holloway (1988), and Dixon et  al. 
(1995) (described in further detail in the next section). The 
calculated fits from Lesne et al. (2011b) for each of the 
three compositions (Vesuvius, Etna, and Stromboli) using 
the thermodynamic model are plotted with our high-pres-
sure experiments in Fig. 7. When these Lesne et al. (2011b) 
thermodynamic fits are extrapolated to higher pressures, 
they show lower  CO2 solubility in the Vesuvius and Etna 
compositions, and higher  CO2 solubility for Stromboli than 
what our experiments indicate. As is seen in the extrapolated 
power law fits, these extrapolated thermodynamic fits also 
cross and diverge significantly at higher pressures, which 
suggests that the fits are not realistic above ~ 250 MPa.

Lesne et al. (2011b) also revised the Dixon (1997) gen-
eral thermodynamic model for mafic magmas, incorporating 
the low-pressure data on the Stromboli, Etna, and Vesuvius 
compositions. As was the case in Dixon (1997), the general 
model presented by Lesne et al. (2011b) uses a composi-
tional relationship for one of the two required thermody-
namic parameters, but estimates the other as a constant. This 

limitation introduces additional uncertainty into the resulting 
solubility curves.

Other empirical and semi‑empirical models

Other models utilize a purely empirical approach. For exam-
ple, Shishkina et al. (2014) conducted experiments across 
eight different mafic compositions and produced an expo-
nential relationship between  CO2 content and an updated 
Π parameterization, again calculated from cation fractions, 
termed Π*. Figure 8 compares our experimental data, as 
well as data from the compositions used in Dixon (1997), 
to the equation of Shishkina et al. (2014) for a pressure of 
500 MPa. While the overall exponential trend described by 
Shishkina et al. (2014) is generally observed, our experi-
ments show higher  CO2 solubility than what the Shishkina 
et al. (2014) model predicts for these compositions. Addi-
tionally, compositions with nearly equivalent Π* sometimes 
display a wide range of  CO2 solubilities and, similar to the 
Dixon (1997) model, the Shishkina et al. (2014) model can-
not account for differences in solubility at a single Π* value.

Another example of an empirical expression for  CO2 
solubility in alkali-rich magmas is from the work of Vetere 
et al. (2014). Rather than fitting the data using cation frac-
tion relationships like Dixon (1997) and Shishkina et al. 
(2014), the Vetere et al. (2014) study incorporated an addi-
tional compositional factor, the ratio of non-bridging oxy-
gens to tetrahedrally coordinated cations (NBO/T). However, 
their focus was less comprehensive, defining the solubility 
of relatively polymerized and very alkali-rich magmas at 
500 MPa. While the Vetere et al. (2014) equation is valid 

Fig. 7  Dissolved  CO2 concentration versus experimental  CO2 fugac-
ity (squares). The curves were calculated using the thermodynamic 
models for each composition from Lesne et al. (2011b) (extrapolated 
as dashed lines). Experiments from Lesne et  al. (2011b) are also 
shown as circles
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for the Erebus composition, it is not calibrated for the full 
range of magmas in this study, and we therefore do not test 
it against our data.

Comparable to the Dixon (1997) and Lesne et al. (2011b) 
semi-empirical thermodynamic approach for  H2O–CO2 solu-
bility is the work of Iacono-Marziano et al. (2012). Instead 
of using the Π parameter, the Iacono-Marziano et al. (2012) 
model utilized a multi-parameter approach. Like the Vetere 
et al. (2014) model, the Iacono-Marziano et al. (2012) model 
incorporates a structural parameter in the form of NBO/O.

A comprehensive thermodynamic model

A few comprehensive thermodynamic models exist to calcu-
late the volatile solubility for a wide range of compositions 
(basalt to rhyolite) over a large pressure range, including the 
models of Papale et al. (2006), Duan (2014), and Ghiorso 
and Gualda (2015). The MagmaSat model (Ghiorso and 
Gualda 2015) is one of the latest comprehensive models 
developed to describe all natural magmas across a very large 
pressure range (0–3 GPa). MagmaSat utilizes a full multi-
component thermodynamic approach, but because it incor-
porates experiments from the existing literature, it is not yet 
calibrated at the specific pressures and compositional range 
of interest here (refer to Fig. 1). This difference is illustrated 

in Fig. 9, which compares two sets of fluid-saturated iso-
bars for the Stromboli composition. One set of isobars is 
calculated using MagmaSat, while the other uses power law 
fits for each volatile phase: Eq. 2 from this study for  CO2 
and the equation from Lesne et al. (2011a) for water. The 
isobars, specifically  CO2 abundance at moderate (2 wt%) to 
high  H2O content, show good agreement below ~ 300 MPa. 
As pressure increases to 600 MPa, the MagmaSat model 
diverges significantly from the isobars fit to the new data. 
At lower  H2O abundance, the MagmaSat model shows non-
Henrian behavior, with  CO2 solubility decreasing as  H2O 
abundance decreases. Our experiments, which all contain > 2 
wt%  H2O, do not show this effect.

Water solubility

Lesne et al. (2011a) presented experiments focused on  H2O 
solubility in alkali-rich mafic magmas. All three composi-
tions (Vesuvius, Etna, and Stromboli) in Lesne et al. (2011a) 
yielded similar water solubilities. Overall, the  H2O solubili-
ties determined in Lesne et al. (2011a) trend with total alkali 
contents. The highest  H2O content correlates with highest 
alkalis, so  H2O solubility increases from Stromboli to Etna 
and is highest in the Vesuvius composition. However, this 
difference in water solubility is not greatly pronounced, 
and in fact the three compositions overlap in some experi-
ments of equal pressure (Lesne et al. 2011a). At a total  H2O 

Fig. 8  Comparison of solubility for the six compositions in this study 
(squares) at 500 MPa to Π* parameter (Shishkina et  al. 2014).  CO2 
concentrations at 500 MPa are calculated by power law fits through 
the experimental data (Eqs. 2-7). Also included are the Π* values and 
 CO2 concentrations at 500 MPa for the four compositions discussed 
in Dixon (1997), shown as circles. Dashed curve represents solubili-
ties predicted by Shishkina et al. (2014) model; the asterisks indicate 
the experiments that were utilized to calibrate the model

Fig. 9  Comparison of mixed-fluid  (H2O-CO2) solubility of Stromboli 
with values calculated using MagmaSat (dashed curves; Ghiorso and 
Gualda 2015). The fluid-saturated isobars for the Stromboli com-
position are calculated using the empirical power fit for  CO2, Eq. 2 
from this study and for  H2O, the Stromboli equation from Lesne et al. 
(2011a). Note that the MagmaSat model includes an effect of reduced 
 CO2 solubility at low  H2O conditions, which was not studied in these 
new experiments. Misfits between the isobars at low  H2O conditions 
are due to the inclusion of this possible effect in the MagmaSat model
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pressure of 300 MPa, the calculated difference between 
water solubility of the Vesuvius and Stromboli composi-
tions is less than 0.5 wt%, which represents ~ 7% relative 
difference. The power law fit for water solubility in the Etna 
composition from Lesne et al. (2011a):

where fH2O
 is the  H2O fugacity, is plotted with the experi-

ments from this study in Fig. 5. The new experiments gener-
ally show good agreement with this power law relationship.

The water data are required to accurately determine  CO2 
solubility in alkali-rich mafic magmas, but it is not the pri-
mary topic of this study. Water solubility has already been 
well constrained in the Lesne et  al. (2011a) study 
between ~ 1 and 6.5 wt%  H2O in three alkali-rich mafic 
compositions. The experiments in this study were not 
designed to describe water solubility in these magmas, so 
in some compositions there is not a very wide range in 
water contents across experiments of different pressures. 
The low Xf

H2O
 values of our experiments additionally com-

plicate our water data because any error in the fluid fraction 
is exaggerated in the water fugacity, but is insignificant in 
the  CO2 fugacity. Therefore, we will not provide updated 
water solubilities for these compositions and instead rely on 
the Lesne et al. (2011a) model for water to define  H2O solu-
bility in these magmas.

Calibration of a thermodynamic model for  CO2 
solubility

The purely empirical fits we have provided thus far have 
their limitations, and one concern is that this type of model 
will be inaccurate when extrapolated to higher pressures. 
Thermodynamic models are preferred for this reason, and 
the necessary parameters can be derived from well-con-
strained solubility experiments. We therefore proceed by 
characterizing  CO2 solubility using the thermodynamic 
model described by Fine and Stolper (1986), Stolper and 
Holloway (1988), Dixon et  al. (1995), and Lesne et  al. 
(2011b). In this model, because  CO2 is stored in the melt as 
CO2−

3
 ,  CO2 solubility is defined by the reaction:

with an equilibrium constant (at P and T) given by:

Assuming ideal mixing between CO2−
3

 and  O2− (Stolper 
et al. 1987), the activity terms in Eq. 10 are replaced by mole 
fractions, and after manipulation (e.g., Holloway and Blank 

(8)f
1200◦C
H2O

= 104.98 ∗ wt% H2O
1.83,

(9)CO2(vapor) + O2−
(melt) = CO2−

3
(melt),

(10)K(P, T) =

a
m

CO2−
3

(P, T)

a
m

O2−
∗ fCO2

(P, T)
.

1994), the effect of pressure and temperature on equilibrium 
(K) is given by:

In Eq. 11, K0 (P0, T0) is the equilibrium constant at the 
reference pressure and temperature, 1000 bar and 1200 °C. 
ΔV

0,m
r

 is the volume change of the condensed components 
of the reaction in Eq. 9:

where V0,m

CO2−
3

 and V0,m

O2−
 represent the molar volumes of the melt 

species in their standard states. ΔH0
r
 is the enthalpy change 

of the reaction in Eq. 9, but because we did not investigate 
 CO2 solubility at different temperatures, we do not consider 
the temperature-dependent integral in Eq. 11 and cannot 
provide constraints on ΔH0

r
.

The parameters ΔV0,m
r

 and K0(P0, T0) can be empirically 
determined for each composition using data from experiments 
at a constant temperature. Equation 11 can be manipulated 
such that on a linear regression of ln

[

fCO2
(P, T) ∗ (X

m

CO2
)
−1
]

 
versus [(P − P0) (RT)−1], where Xm

CO2
 is the mole fraction of 

total  CO2 contents dissolved in the melt, the slope of this 
regression yields ΔV0,m

r
 and y-intercept corresponds to – ln K0. 

Note that in this determination, pressure is in bars, and for a 
mixed  H2O–CO2 experiment, the pressure (P) is the partial 
pressure due to  CO2 as determined from the  CO2 fugacity.

We calculate the thermodynamic parameters ΔV0,m
r

 and 
K0 (P0, T0) using this linear regression technique for each of 
the six compositions in this study (Table 4). This determina-
tion is dependent on high-pressure data (Holloway and 
Blank 1994), and so it is well suited to our dataset. For cer-
tain compositions, we incorporate lower-pressure experi-
ments from other authors when available (refer to supple-
mentary material). We include data from Lesne et  al. 
(2011b) after recalculating the  CO2 contents and fugacities, 
as described in “Results”, for appropriate comparison with 
our data. For the Etna composition, we also utilize some 
experiments from Iacono-Marziano  et al. (2012). We 
included experiments from these additional datasets with 
f luid composit ions > 0.1 X

f

H2O
 and  CO2 abun-

dances > 175 ppm. An example of this regression is shown 
in Fig. 10 for the Etna and Stromboli compositions. The Etna 
composition is exceptionally well constrained as a result of 
multiple experimental studies using this composition (see 
Table 4; Fig. 10). 

To calculate  CO2 solubility from Eq. 11, we follow the 
steps outlined in Holloway and Blank (1994), briefly repro-
duced here. We first calculate K (P, T) using Eq. 11 with 
the values of ΔV0,m

r
 and K0 as determined above. Next, we 

(11)

K(P, T) = K0

(

P0, T0
)

∗ exp

{

−

P

∫
P0

ΔV
0,m
r

RT

dP +

T

∫
T0

ΔH
0
r

(

T ,P0

)

RT
2

dT

}

.

(12)ΔV
0,m
r

= V
0,m

CO2−
3

− V
0,m

O2−
,
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calculate fCO2
 using the modified Redlich–Kwong equation 

of state (Holloway 1981, 1987; Holloway and Blank 1994) 
with the Saxena and Fei (1987) high-pressure correction. We 
use these values of K(P, T) and fCO2

 to calculate a term Kf :

X
m

CO2−
3

 is calculated from Kf :
(13)K

f
= K(P, T) ∗ fCO2

(P, T).

(14)X
m

CO2−
3

= K
f
∗ (1 − K

f
)
−1,

and this is converted to wt%  CO2 by:

where  FWone is the formula weight of the magma on a one-
oxygen basis. To make the application of this model more 
straightforward, we assume the value of  FWone to be a con-
stant, using the value given by Holloway and Blank (1994) 
for alkali basalt of 36.594. Values of  FWone calculated for 
our six compositions range within ± 1 of this alkali basalt 
value. The  CO2 solubility curves calculated for each compo-
sition using the thermodynamic model (Fig. 11) show strong 
agreement with the experimental data.

An Excel spreadsheet is included in the supplementary 
material to calculate fluid-saturated isobars, isopleths, and 
melt inclusion saturation pressures using the individual ther-
modynamic models for each composition.

Compositional influence on  CO2 solubility

Total alkali content

Several studies have shown that in mafic magmas, there is a 
general correlation between total alkali abundance and  CO2 
solubility (e.g., Dixon 1997; Lesne et al. 2011b). In our new 
experiments, however,  CO2 solubility does not uniformly 
scale with total alkali content. There is significant overlap 
in solubility between the Sunset Crater, Stromboli, and 
Erebus compositions that have total alkali contents of 4.22 
wt%, 4.55 wt%, and 8.81 wt%, respectively. Notably, the 
Erebus composition has the highest total alkali content of all 
compositions (8.81 wt%), and yet both the Etna (5.20 wt%) 
and Vesuvius (7.79 wt%) compositions have higher  CO2 

(15)
wt% CO

2
=

(

44.01 ∗ X
m

CO
2−

3

)

∗

[(

44.01 ∗ X
m

CO
2−

3

)

+

(

1 − X
m

CO
2−

3

)

∗ FW
one

]−1

,

Table 4  Thermodynamic 
parameters, ΔV0,m

r
 and ln K0, 

as determined from linear 
regressions (see Fig. 10) of 
experimental data

The number of experiments included in the regression for each composition (n) and the R2 value of the fit 
are also listed. The cation fractions included here are used to calculate Π (after correction of  Fe2+ for an 
oxygen fugacity of NNO + 1) and Π* (using Fe total = Fe2+ as listed)
*Fe2+ calculated from total iron expressed as FeO
a Cation fractions were calculated from anhydrous wt% according to the following formula: (wt%/formula 
weight) × (# cations in molecule), and then normalized to one.  Ti4+,  Mn2+, and  P5+ were included, but are 
not reported

Composition ΔV
0,m

r

ln K0 R2 n Cation  fractionsa

Si4+ Al3+ Na+ K+ Ca2+ Mg2+ Fe2+*

Sunset Crater 16.40 − 14.67 0.91 3 0.438 0.176 0.061 0.009 0.097 0.119 0.085
SFVF 15.02 − 14.87 0.99 4 0.488 0.188 0.061 0.018 0.091 0.081 0.061
Erebus 15.83 − 14.65 0.92 3 0.436 0.204 0.107 0.033 0.068 0.045 0.080
Vesuvius 24.42 − 14.04 0.98 7 0.450 0.166 0.035 0.069 0.115 0.092 0.063
Etna 21.59 − 14.28 0.99 19 0.438 0.176 0.062 0.020 0.113 0.093 0.081
Stromboli 14.93 − 14.68 0.97 6 0.449 0.182 0.044 0.023 0.123 0.107 0.063

Fig. 10  Determination of thermodynamic parameters for the Etna and 
Stromboli compositions. The terms f and X correspond to the  CO2 
fugacity and the mole fraction of  CO2 dissolved in the melt ( Xm

CO2

 ), 
respectively. The slope of a linear regression of the data represents 
the partial molar volume ( ΔV0,m

r
 ) and the y-intercept represents the 

inverse value of ln K0
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solubilities. Interestingly, though the Vesuvius and Erebus 
compositions share similar total alkali contents, the Vesu-
vius magma has more potassium than sodium, whereas the 
reverse is true for Erebus. Based on these results, elements 
other than the alkalis do appear to play a role in  CO2 solubil-
ity in mafic magmas, and sodium and potassium likely do 
not share an equal influence (e.g., Vetere et al. 2014).

Comparison of elemental influences

In Fig. 12, we compare three of the experimental composi-
tions (Etna, Sunset Crater, and Erebus) to identify elemental 

influence on  CO2 solubility (cation fractions; Table 4). A 
negative cation fraction difference represents a higher con-
centration of the element in the Etna composition, while a 
positive difference represents higher concentrations in the 
composition represented by the symbols. The Sunset Cra-
ter and Etna compositions are very similar in composition, 
with the exception of higher  Mg2+ and lower  Ca2+ and  K+ 
contents in the Sunset Crater magma. If these three elements 
contribute equally to increase  CO2 solubility due to their 
role as structural modifiers, we would expect the solubili-
ties of these magmas to be approximately equal, because 
the sum of the magnitude of their differences is essentially 

a b

Fig. 11  Dissolved  CO2 concentration versus experimental  CO2 fugacity (squares; Table  2). Curves are calculated using the thermodynamic 
model and the respective experimentally determined parameters for each composition (Table 4)

a b

Fig. 12  Compositional comparison of Etna, Sunset Crater and Ere-
bus (expressed as cation fraction; refer to Table  4). Note that posi-
tive differences indicate higher concentrations in the compositions 

represented by the symbols, and negative differences indicate higher 
concentrations in the Etna composition. The Etna composition has a 
higher  CO2 solubility than both Sunset Crater and Erebus
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zero. Instead, we see that  CO2 solubility is roughly 15% 
higher in the Etna composition. We can therefore conclude 
that magnesium has a smaller effect on  CO2 solubility than 
calcium and potassium. This comparison also seems to 
reveal that  CO2 solubility is sensitive to small compositional 
differences. The calcium content, which is likely the most 
significant of the three elements (e.g., Spera and Bergman 
1980; Dixon 1997), varies by less than 15% (1.8 wt%).

The Erebus case is more difficult to draw simple conclu-
sions from, as it varies from the Etna composition in five of 
the seven major elements shown. However, this compari-
son does provide some clues as to how a composition with 
higher alkali content (Erebus) can have lower  CO2 solubil-
ity than a magma with lower alkali content (Etna). In this 
example, the solubility increase from the higher total alkali 
content in the Erebus composition could perhaps be negated 
by the effect of lower calcium and magnesium content and 
higher aluminum content compared to Etna, resulting in a 
lower  CO2 solubility for Erebus.

Evidence from the Π formulation

While the linear correlation of  CO2 solubility with Π (Dixon 
1997) is not valid for our experimental data (see Fig. 6), the 
formulation of this parameter may still provide context for 
our experimental results. Dixon (1997) incorporated sev-
eral observations on the effects of different elements on  CO2 
solubility from previous studies (e.g., Mysen 1976; Spera 
and Bergman 1980) into the construction of the Π parameter. 
Cations were grouped in Π according to two factors: ele-
ments thought to reduce  CO2 solubility by promoting polym-
erization of the melt (A = Si4+ + Al3+), and elements with the 
potential to increase  CO2 solubility due to their reaction with 
carbonate (termed “B”, composed of  Fe2+,  Mg2+,  Ca2+,  Na+, 
and  K+). In the polymerization component of Π,  Si4+ and 
 Al3+ were given equal weighting. The cations that react with 
carbonate were ranked based on the Gibbs free energy (ΔGr) 
of their carbonation reactions (Spera and Bergman 1980), 
and given a coefficient based on their ΔGr value compared 
to that of  Ca2+. The resulting equation for the carbonate 
reaction component of Π is expressed by

which describes the net influence of these elements on  CO2 
solubility (Dixon 1997).

Using the Π formulation to compare the solubility of dif-
ferent compositions yields additional insight into the com-
positional influence on  CO2 solubility. First, the general 
relationships of these elements, with  Si4+ and  Al3+ reducing 
 CO2 solubility, and  Fe2+,  Mg2+,  Ca2+,  Na+, and  K+ increas-
ing  CO2 solubility, is consistent with our results. This can be 
seen in Fig. 6, as for these six compositions, a higher value 

(16)B = Ca2+ + 0.8K+
+ 0.7Na+ + 0.4

(

Fe2+ +Mg2+
)

,

of Π does yield higher  CO2 solubility. Specifically, for the 
compositions discussed in Fig. 12, the cation fractions in the 
Etna composition yield a higher value of B (Eq. 16) than both 
Sunset Crater and Erebus, and the composition also has less 
 Si4+ and  Al3+ (A) than Erebus. However, the magnitude of the 
relative contributions of each of these elements appears to be 
different from what is built into the Π formulation. The differ-
ence in Π value is much greater between Erebus and Etna than 
between Sunset Crater and Etna, yet the difference in solubil-
ity is identical. In order to constrain solubilities in these three 
compositions, the coefficients for the individual components 
of Π (A and B) would need to be altered from the original 
formulation so that the coefficient for B is smaller than the 
absolute value of the coefficient for A. However, we would not 
be able to describe the solubility of the Stromboli composition 
if the coefficient for B is smaller than the absolute value of 
the coefficient for A. A simple linear regression of A and B is 
therefore not possible within this compositional range.

These results indicate that there is a discrepancy in the 
formulation of Π and our current understanding of  CO2 solu-
bility. The compositional elements do influence solubility as 
described by Dixon (1997), but the magnitude of Π does not 
directly correlate with solubility. There are a few possible 
compositional controls not currently accounted for in Π that 
could produce this discrepancy. First, it is probable that the 
contribution of aluminum is greater than that of silica, rather 
than contributing equally as in the current formula. When 
 Al3+ forms a tetrahedron in the melt structure, it requires a 
metal cation such as  Na+ or  K+ to charge balance the  AlO4 
molecule (e.g., Mysen et al. 1981). The aluminum therefore 
not only polymerizes the melt, but also removes the abil-
ity for one charge balancing cation to react with carbonate 
and store  CO2 in the melt. Second, there is perhaps another 
important compositional control on solubility missing from 
the formula. For example, the ratio of sodium to total alka-
lis has been useful in some models such as that of Vetere 
et al. (2014). It is possible that different carbonation reac-
tions are preferred based on the relative proportions of alkali 
elements. One additional possibility is that the Gibbs free 
energy technique may not account for the full complexity 
of the melt structure. The relative contributions from  Fe2+, 
 Mg2+,  Ca2+,  Na+, and  K+ may not be consistent across all 
alkali-rich mafic compositions, possibly due to interaction 
between components. Well-calibrated, full multicomponent 
models are therefore likely required to accurately describe 
 CO2 solubility in a wide range of alkali-rich mafic magmas.

Other possible influences untested in this study

There is some evidence that the oxidation state of iron 
affects  CO2 solubility (e.g., Behrens et  al. 2009), and 
some volatile solubility models account for variable f

O2
 



 Contributions to Mineralogy and Petrology          (2019) 174:58 

1 3

   58  Page 20 of 24

(e.g., Papale et al. 2006; Duan 2014; Ghiorso and Gualda 
2015). All of our experiments were conducted at relatively 
oxidizing conditions (~ NNO + 1). We therefore have not 
tried to incorporate the effect of iron speciation on volatile 
solubility.

Mysen (1976) found evidence that water increases  CO2 
solubility in experiments run at pressures in excess of 2.5 
GPa. Mysen (1976) hypothesized that this was due to the 
way in which  H2O and  CO2 fit into the melt pseudo-struc-
ture. These results, however, relied on the outdated beta-
track analytical method. Subsequent studies conducted at 
low pressures utilizing infrared spectroscopy did not find any 
relationship between  H2O content and  CO2 solubility (e.g., 
Dixon et al. 1995). More recently, a number of studies have 
again found evidence for water influencing  CO2 solubility in 
basalt (e.g., Shishkina et al. 2010) and intermediate magmas 
(King and Holloway 2002), but the influence is currently 
poorly understood and unquantified (e.g., Iacono-Marziano 
et al. 2012; Shishkina et al. 2014). The MagmaSat model 
(Ghiorso and Gualda 2015), based on a survey of the experi-
mental literature, does describe enhanced  CO2 solubility 
from low to moderate  H2O abundance. Our low Xf

H2O
 experi-

ments have greater than 2 wt% dissolved  H2O and do not 
show a relationship between  CO2 solubility and water abun-
dance. For this reason, we have not incorporated an  H2O 
influence on  CO2 solubility in our models.

Temperature may also strongly affect  CO2 solubility in 
alkali-rich mafic melts (e.g., Behrens et al. 2009), but its 
treatment varies in different models. Because all of our 
experiments were conducted at 1200 °C, we cannot com-
ment on this possible effect on  CO2 solubility.

Implications for volcanism

Plumbing systems and melt inclusions

To demonstrate the impact of the new experimental data 
on melt inclusion interpretation and volcanic plumbing sys-
tems, we apply the new  CO2 solubility thermodynamic fits to 
samples from Stromboli from Métrich et al. (2010). The melt 
inclusions, from a historic large-scale paroxysm (ST531; 
fifteenth to seventeenth century A.D. eruption), contain 
between 624 and 1460 ppm  CO2 (Métrich et al. 2010). Satu-
ration pressures were previously calculated using the Papale 
et al. (2006) model, yielding melt inclusion entrapment pres-
sures between 105 and 206 MPa, with an average pressure of 
176 MPa (Métrich et al. 2010). We recalculate  CO2 satura-
tion from the thermodynamic model, using the parameters 
listed in Table 4 for Stromboli, and use the power law fit 
for Stromboli from Lesne et al. (2011a) for  H2O solubility. 
The resulting new entrapment pressures are between 144 
and 257 MPa, with an average pressure of 220 MPa. The 

two sets of pressures are shown in the histogram in Fig. 13. 
The recalculated pressures are, on average, 44 MPa higher 
than the previous assessment, which indicates depths of melt 
inclusion entrapment approximately 1–2 km deeper than pre-
viously interpreted by Métrich et al. (2010). Calculations 
for the same melt inclusions using MagmaSat (Ghiorso and 
Gualda 2015) yield pressures between 139 and 249 MPa, 
with an average of 212 MPa. These pressures are closer to 
those calculated using our new model, although they are 
8 MPa lower on average.

Physically, this means that we expect volatile exsolu-
tion to occur at deeper levels than previously estimated for 
this eruption, which may have played a role in the observed 
explosivity. Exsolved volatiles provide buoyancy to magma 
(e.g., Pyle and Pyle 1995; Woods and Cardoso 1997) and 
can generate overpressure in the magma storage zone (Blake 
1984). Thus, if exsolution occurs deeper within the system, 
magma ascent and acceleration may also initiate at greater 
depths. This acceleration at depth could produce a feedback 
mechanism wherein fast magma ascent leads to volatile 
oversaturation in the melt, which then results in rapid vol-
atile exsolution at shallower levels, driving highly explo-
sive eruptions (e.g., Papale and Polacci 1999; Sable et al. 
2006). Additionally, Métrich et al. (2010) note the presence 
of vapor bubbles in melt inclusions from Stromboli. These 
vapor bubbles may contain additional  CO2 (e.g., Hartley 
et al. 2014; Moore et al. 2015; Aster et al. 2016), signifying 
even greater depths of melt inclusion entrapment as well as 

Fig. 13  Comparison of saturation pressures for melt inclusions 
(ST531 from Métrich et  al. 2010) from Stromboli. Original pres-
sures were calculated using the Papale et al. (2006) volatile solubility 
model in Métrich et  al. (2010). Recalculated pressures use the ther-
modynamic fit for  CO2 in Table 4 and the  H2O power fit from Lesne 
et al. (2011a)
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higher quantities of volatiles in the system that may facilitate 
explosive eruptions.

Magma ascent dynamics

Given the new experimental constraints on volatile solubil-
ity, it is possible to consider how the interaction between 
magma composition and solubility might impact the dynam-
ics of magma ascent in alkali basalt compared to subalkaline 
basalt. Whereas low viscosity basaltic magmas often erupt 
mildly (e.g., Walker 1993), at least three of the alkali-rich 
mafic compositions investigated here (Stromboli, Sunset 
Crater, and Etna) have produced considerable explosive 
eruptions. Stromboli is known for persistent, small eruptive 
events, but also frequently generates more explosive parox-
ysms (Rosi et al. 2000). Sunset Crater produced a sub-Plin-
ian eruption in 1085 A.D. (Amos 1986; Alfano et al. 2018), 
while Etna has a long history of explosive activity, including 
several sub-Plinian events (e.g., Coltelli et al. 2000) and at 
least one Plinian eruption (122 B.C.; Coltelli et al. 1998).

The solubility models developed here demonstrate that 
alkali-rich magmas associated with these explosive events 
should have high  CO2 solubility relative to subalkaline 
basalt. Assuming the abundance of volatiles available to the 
system is sufficient to achieve fluid saturation, at compara-
ble depths, alkali-rich magma would have higher dissolved 
 CO2 contents than subalkaline basalt, potentially leading 
to more rapid ascent and more explosive eruptions. Alter-
natively, for magmas with similar dissolved volatile abun-
dances (prior to reaching fluid saturation), the alkali-rich 
magmas would ascend to shallower depths than subalkaline 
basalts before becoming volatile saturated, thereby delaying 
the initiation of exsolution. This delay could lead to better 
coupling between magma and gas during ascent, again lead-
ing to more rapid ascent and/or shallower fragmentation, 
promoting more explosive eruptions. High  CO2 abundances 
have been associated with highly explosive basaltic erup-
tions (e.g., Allison 2018; Moretti et al. 2018), and our results 
suggest that such conditions are generally more likely to be 
achieved in alkali-rich systems. Comparison of clast tex-
tures (microlites and bubbles; e.g., Taddeucci et al. 2004; 
Sable et al. 2006; Cimarelli et al. 2010) might show whether 
alkali-rich magma systems, especially those associated with 
explosive events, generally differ from subalkaline basalts in 
terms of their ascent conditions.

Conclusions

Experiments at 1200 °C between 400 and 600 MPa with 
mixed fluid  (H2O–CO2), were conducted to study  CO2 solu-
bility in a variety of alkali-rich mafic magmas. The findings 
of this work are summarized below.

1. Mafic magmas rich in alkali elements show increased 
 CO2 solubilities, though the correlation is not a simple 
scaling with total alkali content.

2. Previous volatile solubility models for alkali-rich mafic 
magmas do not accurately describe  CO2 solubility at 
mid-crustal pressures (400 to 600 MPa). Discrepancies 
in solubilities have implications for the physical volcanic 
system, as solubility determines depths of volatile exso-
lution, which can drive explosive eruptions.

3. CO2 solubility in alkali-rich mafic magmas is well con-
strained by a simple thermodynamic model using two 
parameters that can be derived from the experimental 
data. We have calibrated the thermodynamic model for 
six individual compositions ranging from alkali basalt 
to phonotephrite to basaltic andesite. These composi-
tions include magmas from Stromboli, Etna, and Erebus 
volcanoes.

4. Comparison of compositionally similar magmas dem-
onstrates how small variations in some elements sig-
nificantly influence solubility. Experiments show that 
largely similar magmas from Etna and Sunset Crater 
have roughly 15% relative difference in their  CO2 solu-
bility.

5. As has been suggested by several previous studies,  CO2 
solubility in alkali-rich mafic magmas appears to be 
inversely correlated with  Si4+ and  Al3+ content, but posi-
tively correlated with  Ca2+,  Na+, and  K+. The effects of 
individual elements on  CO2 solubility are not well repre-
sented by comprehensive compositional parameters, and 
multicomponent models are likely necessary to describe 
this behavior.

6. When we apply the thermodynamic model for  CO2 solu-
bility to melt inclusion data from Stromboli volcano, 
we calculate saturation pressures approximately 44 MPa 
higher than previous estimates. These higher pressures 
indicate greater depths of melt inclusion entrapment, 
requiring an adjustment to the interpretation of the com-
plex plumbing system beneath Stromboli.

7. The enhanced  CO2 solubility of alkali-rich mafic mag-
mas could contribute to explosive volcanism in two 
ways. First, assuming fluid saturation, alkali-rich mag-
mas would have higher dissolved volatile contents than 
subalkaline magmas at similar pressures, resulting in 
larger volatile budgets. Second, comparing magmas with 
equal volatile contents that are not fluid-saturated, an 
alkali-rich magma will reach saturation at lower pres-
sures compared to subalkaline magma, delaying vola-
tile exsolution to shallow levels and possibly producing 
more explosive eruptions.
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