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EXPERIMENTAL AND ANALYTICAL METHODS 

High pressure experimental syntheses 

The investigated glass compositions were prepared from a mixture of oxides (SiO2, 

Al2O3 and MgO) and carbonate (Na2CO3 and CaCO3) as a source of CO2. The starting 

materials were prepared with subsequent enrichment in 13C (Na2
13CO3 and Ca13CO3), 17O 

(Si17O2 and Al2
17O3) and 29Si (29SiO2) nuclei. The calculated enrichment is ~40 mol.% and 

~15 mol.% relative to total Si and O atoms for 29Si and 17O, respectively. The bulk starting 

powders contained CO2 with an excess fluid phase: 18 wt.% CO2 for HK and XE-2 samples; 
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40 wt.% for RB8E except RB8E-13 which was prepared with 8.8 wt.% CO2 to reproduce CO2 

undersaturated conditions. 

The experiments were conducted in piston-cylinder apparatus using ¾ inch talc-Pyrex 

high pressure assemblies between 0.5 and 1.5 GPa for the pressure range and at 1525°C for 

temperature. Temperatures were monitored by a type B (PtRh6-PtRh30) thermocouple accurate 

to ±5°C. Run durations were at least 30 min to ensure equilibrium (Mysen et al., 1975) then 

followed by an isobaric quench. An excess fluid phase was witnessed by a large vesicle at the 

top of each experimental charge. 

 EPMA and Raman spectroscopy 

We used Electron Probe Micro-Analyses (EPMA) to measure the major element 

concentrations in glasses (see Table 1). Measurements were done on a Cameca SXFive, at 15 

kV and 10 nA, with 10 s peak counting time for all elements. Na was analyzed first in 

defocused mode (20 µm beam diameter) so as to reduce Na elemental loss. The average major 

elements concentrations for the synthesized glasses were obtained from more than 15 

analyses. The error on the chemical composition is on the order of 2% in relative to the value. 

The LabRam 300 spectrometer is equipped with a 2400 grooves/mm grating and the 

spectral resolution is on the order of 1 cm-1. The analyses were performed with a x50 

Olympus objective in confocal mode (spatial resolution ~2 µm, depth resolution ~2-5 µm). 

The Raman signal was collected in between 200 and 1250 cm-1. The output power was set at 

125 mW without damaging the glass chips. Several spectra were collected on each glass 

samples. For each sample, we performed 5-10 scans with an acquisition time of 15 to 60 s. 
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 NMR spectroscopy 

All Solid State 17O NMR were conducted on a Bruker 850 MHz Avance III Wide Bore 

spectrometer operating at a frequency of 115.3 MHz. The 17O spectra were referenced against 

liquid H2O at 0 ppm. Full Hahn-echo experiments were conducted using an rf-field of 15 kHz, 

selective T90 pulses of 6.25 µs, an inter-pulse delay of 15 rotor periods (670 µs) and a Double-

Frequency Sweeps (DFS) procedure in order to obtain better signal-to-noise for quadrupolar 

nuclei (Kentgens and Verhagen 1999; Iuga et al. 2000). 1024 transients were accumulated 

with a recycle delay of 2 s. 

{27Al, 13C, 29Si} J-HMQC (Heteronuclear Multiple-Quantum Correlation) experiments 

(Amoureux et al. 2007; Keeler 2010) were performed using radio-frequency fields of 15 kHz 

for 17O, 10 kHz for 27Al and 50 kHz for 13C and 29Si. The typical pulse J-HMQC pulse 

sequence is shown in Figure S1. The J-HMQC experiment uses the so-called scalar coupling 

(“J”) which arises from the electrons involved in the bond between two nuclei and allows the 

creation of Heteronuclear Multiple-Quantum Coherences. In a {X}-17O J-HMQC experiment 

where oxygen is the observed nuclei and X the indirect one, the resulting 17O spectrum 

displays only the oxygen environments that are chemically bounded to X. Excitation times 

giving the maximum signal were used, corresponding to 220 rotor periods (10 ms) for 

17O{27Al}, 551 rotor periods (25 ms) for 17O{13C} and 771 rotor periods (35 ms) for 17O{29Si} 

experiments respectively. A recycle delay of 1 to 3 s is sufficient to retrieve a good S/N and 

was used throughout the experiment while collecting 32000 transients for 17O{27Al}, 4096 

transients for 17O{13C} and between 10000 to 2000 transients for 17O{29Si} experiments 

respectively. DFS was used on the 17O observed channel for all experiments. 
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CO2 content determination 

We used the method described by Morizet et al. (2013) to determine the CO2 content 

via Raman spectroscopy. This Raman calibration for CO2 content is a linear calibration 

function such as wt.% CO2 = 15.17 x CO3/HF relating the CO2 content to the ratio between 

the area of the CO3
2- peak and the high frequency envelop of the silicate glass vibrational 

signature (CO3/HF). The calibration was established from a database on CO2-bearing silicate 

glasses (65 data points) with CO2 up to ~16 wt.% CO2. We extended this Raman calibration to 

additional CO2 content data (89 data points) with higher CO2 content (up to 23 wt.% CO2) 

determined using bulk analyzer. The calibration function has been modified according to this 

new database and the linear relationship is wt.% CO2 = 13.5 x CO3/HF; where HF stands for 

the high-frequency of the symmetric stretch of the aluminosilicate network. Using this 

method, the typical error on the CO2 content is 10% in relative to the value. We made an 

analysis of the typical error with the updated database. The standard deviation on the CO3/HF 

ratio is 0.125 and the r2 parameter is 0.969. As a result, for a CO3/HF = 1.25, the error is 10% 

in relative to the value; it will be lower than 10% at higher CO3/HF and higher than 10% at 

lower CO3/HF. In order to be on the safe side, we consider a 10% error in relative to the value 

for the whole range of CO3/HF ratio determination. The detail of the update on this calibration 

can be found in the supplementary material provided in Morizet et al. (2017). 

The typical deconvolution of the Raman spectra for the CO2-bearing glasses is shown 

in Figure S2. We report the deconvolution all the investigated samples with CO2 ranging from 

2.9 (HK-2) to 13.2 wt.% (HK-M). On each spectrum, we added the derived CO3/HF ratio 

from the area of the peaks as well as the calculated CO2 content using the calibration factor of 

13.5 mentioned earlier. The simulation parameters from the deconvolution are provided in 

Table S1. We can observe that the residual is extremely low therefore attesting of the relevant 

deconvolution of the Raman spectra and hence a reliable estimate of the glass CO2 content. 
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H2O content determination 

The H2O content in the silicate glasses was determined using Micro-FTIR 

spectroscopy. The samples were prepared in doubly-polished glass chips for which the 

thickness of the chips was determined using a Mitutoyo© digitometer with an accuracy of ±1 

µm. Analyses were conducted on a ThermoFisher FTIR5700 equipped with a Continuµm 

microscope. We used a CaF2 beamsplitter, a MCT-B detector and IR light to cover the 4000-

6000 cm-1 spectral range. The concentration of OH- (4500 cm-1) and H2Omol (5200 cm-1) was 

determined with the Beer-Lambert law (Ohlhorst et al. 2001). The glass density was 

calculated from the chemical composition with the model of Lange and Carmichael (1990) 

which includes the change in oxides partial molar volume as a function of pressure and 

temperature. The model of Lange and Carmichael applies to melt at high temperature however 

recent work (Guillot and Sator 2007) showed that the change in density in between liquid and 

glass is small (~10% in relative) towards an increase in density from the liquid to the glass. 

Therefore, the derived H2O content with Beer-Lambert law will represent a maximum. We 

used the linear extinction coefficient applied to Alban Hill phonotephritic glass provided by 

Behrens et al. (2009): σOH = 0.62 L.mol-1.cm-1 and σH2Omol = 1.02 L.mol-1.cm-1. Those 

extinction coefficients represent the closest application to the investigated composition. Up to 

now, there is no extinction coefficient for water species applicable to very low silica melt. The 

range of water content 0.7 to 1.5 wt.% with a typical error better than 0.2 wt.%. As the 

experiment were supposed to be conducted under dry conditions, the presence of water is 

probably due to adsorption of atmospheric H2O onto the starting material prior capsule 

preparation and sealing. For such a low silica melt compositions it is almost impossible to 

produce totally dry silicate glasses. For instance, Moussallam et al. (2015) tried to synthesise 
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H2O-free CO2-rich haplokimberlitic (SiO2 < 40 wt.%) glass and the recovered glasses 

contained between 0.5 and 1.7 wt.% H2O even using cautious capsule preparing method. 

 

Complementary {X}-17O J-HMQC NMR data 

In this supplementary material, we provide complementary NMR data which includes 

the Echo MAS and {X}-17O J-HMQC NMR spectra not shown in the main text of the 

manuscript. Those spectra are reported in Figure S3 for HK-2, RB8E-7 and RB8E-13. The 

spectra obtained for these three samples are similar to the ones reported in the main 

manuscript, hence corroborating the fact that CO2 dissolves in low silica melt as FIC 

Mn+..CO3
2-. 

In a similar way, we provide in Figure S4 the relevant deconvolution of the 17O MAS 

NMR spectra not reported in the main manuscript: RB8E-7, RB8E-13, HK-2 and HK-M. As 

stated in the manuscript, the 17O MAS NMR spectra of Mg-bearing (HK) are only partially 

reproduced; as can be seen from Figure S4 there is a residual signal located at ~+70 ppm 

which we could be assigned to MgOx polyhedra (Kohara et al. 2004, 2011; Benmore et al. 

2011; Wilding et al. 2012); however, further is required to definitely propose an assignment. 

The 17O MAS NMR spectrum of Mg-free RB8E-13 is not reproduced adequately. For 

instance, as seen in Figure S4, there is an important residual broad and centered at ~+20 ppm 

which appears not to be reproduced by the combination of Gaussian lines derived from the 

{X}-17O J-HMQC spectra deconvolution. Such signal at ~+20 ppm could be attributed to 

oxygen triclusters (OIII) which have been identified in silicate glasses (Stebbins et al. 2001; 

Benoit et al. 2005; Iuga et al. 2005). 

We have acquired 2D {27Al}-17O J-HMQC NMR spectra for several investigated 

glasses in order to determine the origin of the asymmetry observed in the 1D {27Al}-17O J-
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HMQC NMR (see Figure 1). The 2D spectra for HK-1 and RB8E-12 are shown in Figure S5. 

We observe in Figure S5 that there are three individual signals in the {27Al}-17O J-HMQC 

NMR spectra. The peak maximum in the 27Al dimension of those signals is located at +61.2, 

+29.9 and +1.7 ppm. Those peaks are assigned the 17O atoms linked to Al atoms in different 

coordination from 4-coordinated to 6-coordinated Al (Stebbins et al. 2000). The peaks are 

observed in both Mg-bearing (HK-1) and Mg-free (RB8E-12) compositions; however, the 5- 

and 6-coordinated Al appears more intense in Mg-bearing HK-1 as compared to the Mg-free 

RB8E-12 glass. The observed higher degree of Al coordination in Mg-rich composition is in 

agreement with previous work (Kjeldsen et al. 2013). As the contribution of each Al signal is 

summed to the 17O dimension, it results a slight asymmetry of the 17O signal as inferred in 

Figure 1. 
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Table S1: Derived parameters from the Raman spectra deconvolutions. 

Raman 
parameters* HK-1 HK-2 HK-M RB8E-7 RB8E-12 RB8E-13 XE-2 

Peak 1 ν1 CO3
2- 

Pos. 1080.9 1079.1 1082.7 1069.4 1074.9 1068.4 1080.7 
FWHM 39.1 37.0 38.1 35.7 31.6 34.0 41.4 

Peak 2 Qn 

Pos. 1056.1 1052.3 1046.9 1033.3 1041.4 1038.5 1060.9 
FWHM 66.8 65.2 72.6 64.8 59.5 57.0 59.5 

Peak 3 Qn 

Pos. 989.9 980.0 972.6 974.0 967.6 962.8 993.1 
FWHM 62.9 61.4 55.0 58.6 59.2 59.6 62.8 

Peak 4 Qn 

Pos. 940.7 926.9 920.3 925.4 918.7 913.0 937.0 
FWHM 63.4 61.1 58.6459 58.9 52.0 53.4 62.8 

Peak 5 Qn 

Pos. 874.0 866.9 863.6 865.4 865.3 860.6 878.9 
FWHM 62.7 57.6 55.4 58.6 54.0 54.9 61.6 

CO3/HF† 0.525±0.006 0.213±0.018 0.970±0.014 0.481±0.013 0.936±0.043 0.565±0.104 0.312±0.006 
Wt.% CO2

‡ 7.1±0.1 2.9±0.2 13.2±0.2 6.5±0.2 12.6±0.6 7.7±1.4 4.2±0.1 
* The reported Raman parameters (pos. and FWHM) were obtained from the deconvolution of the Raman 
spectra. The error associated to the values does not exceed ±0.5 cm-1 as provided by the software package 
(Origin© 7.5). 
† The CO3/HF values are calculated from the derived areas. The reported error corresponds to the standard 
deviation of the ratio calculated from replicated spectra. 
‡ The CO2 content is determined with the following relation wt.% CO2 = 13.5 x CO3/HF. 
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Supplementary Figures: 

 

 

Figure S1: Typical J-HMQC NMR pulse sequence. The excitation is transferred from the I 

nuclei and acquisition is made subsequently on the S nuclei. 
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Figure S2: Glass sample Raman spectra simulated with five Gaussian lines corresponding to 

the symmetric stretch of the CO3
2- group (ν1 CO3

2-) and silicate network (ν1 Qn). The 

simulation is reported for the investigated samples. The ratio CO3/HF is reported next to each 

simulation and is used to calculate the CO2 content from the linear correlation (see text for 

detailed discussion). 
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Figure S3: 17O Full Hahn-Echo MAS and {13C}- {27Al}- {29Si}-17O J-HMQC NMR spectra of 

CO2-bearing silicate glasses: HK-2 (A), HK-1 (B), RB8E-7 (B) and RB8E-13 (C). Three 

oxygen environments are identified with Full Hahn-Echo MAS spectra: FIC Mn+..CO3
2-, Ca2+ 

NBO-Si and BO-(Si,Al). 
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Figure S4:	17O MAS spectrum reconstruction from Gaussian lines derived from {X}-17O J-

HMQC spectra. The deconvolution consists in one line for FIC Mn+..CO3
2- group; one line for 

oxygens in NBO configuration linked to Si atoms; two line for oxygens in BO configuration 

associated to Si and Al atoms. The residuals exhibit a line located at ~+70 ppm which is not 

accounted for by the proposed deconvolution and which could be attributed to oxygen atoms 

in MgOx configuration. 
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Figure S5: 2D {27Al}-17O J-HMQC NMR spectra for HK-1 ane RB8E-12 samples. Three 

individual lines can be observed in the 27Al dimension and corresponding to Al atoms in 

different coordination (4- to 6-coordinated) within the glass structure. Due to strong 

overlapping, only an asymmetric line is observed in the 17O dimension. 
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