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Abstract:

With a combined approach using Solid State **C-MAS NMR and Laser Raman
Microspectroscopy, we investigated the CO,-CO gas composition (X(COy)) in fluid
inclusions synthesised under high pressure (200-300 MPa), high temperature (1225-
1250°C) and reducing conditions (17 < P(H,) < 62 bars). Fluid inclusions are entrapped
in a volatile-bearing basaltic glass which was characterized by FTIR for determining the
water solubility (H,O™).

13C-MAS NMR is used as a standard analysis for determining the X(CO,). The Raman
quantification factors between **CO, and *CO is determined from peak area (F-factor),
peak height (G-factor) and according to the Placzek’s polarizability theory. The
calibration is derived for both CO, Fermi diad resonances: 2v; and v;.

We obtain similar values for the main CO, resonance (2v,) with 1.956 and 1.809 for F
and G respectively. Results are consistent with the fact that peak height and area will
measure the same quantity. For v;, multiple calibration trends are observed. The different
trends are explained by the different *3C/**C ratio observed in between the samples.
However, we suggest that such resonance is not suitable for determining the fluid
inclusion compositions.

We extended the *C results for calibrating the F- and G-factors for **CO,-**CO gas
mixture in the fluid inclusions and for the main CO, resonance. For *CO,-"2CO mixture,
F and G values are 1.856 and 1.756 which is in the same order as the derived values for
13C species. Thus, we propose that no significant **C/**C fractionation occurs in the fluid

phase and both isotopes will behave in a similar way.



Using the derived calibration for C and *C species, the X(CO5) in the fluid phase was
recalculated. Results are similar for both isotopes witnessing the similar behaviour of *?C
and *3C fluid species during the experiments.

The log f(O,) experienced by each sample has been calculated through a thermodynamic
approach using 2 independent methods. The log f(O,) calculated from the H,O™ in the
glass and the X(CO,) in the fluid phase are in good agreement. Large discrepancy is
observed for low H,O™ content which gives lower log f(O,) value than expected from
experimental conditions. Large uncertainties on the H,O™ measurements will induce a
very approximate value for the log f(O2). This method may not be accurate enough at low
H,O™ and using the X(CO,) in the fluid phase would therefore provide a better estimate

of the log f(O,).

Keywords: Fluid inclusion, Raman spectroscopy, Solid State NMR, Carbon dioxide,

oxygen fugacity.



1 Introduction:

Volatiles are ubiquitous components implied in many geological systems. In particular,
CO; and H,0 are the two most abundant volatiles emitted at volcanic centres (Gerlach
and Graeber, 1985; Symonds et al., 1994; Jambon, 1994; Morizet et al., 2002). CO; is
usually present in magmas with moderately oxidised conditions. However, under more
reducing conditions other volatiles become stable such as CO, CH, (Kadik et al., 2004).
Although the distinction should be made between volatiles dissolved in the melt and
volatiles implied in the fluid phase in equilibrium with the melt, both need to be
considered as parts of a given system. The solubilities of H,O and CO, are controlled by
H,0 and CO, fluid fugacities (Dixon et al. 1995; Dixon, 1997) for a given melt
composition at fixed P and T.

In magmatic systems, upon decompression volatiles exsolve the melt phase to be stored
in the fluid phase. This observation is even more verified for CO, which has a low
solubility compared to H,O (e.g., Blank and Brooker, 1994; Dixon, 1997; Morizet et al.,
2002). The fluid phase is partly preserved as inclusions within minerals or within the
silicate melt phase itself. Fluid inclusions study can provide valuable information on the
Earth interiors volatiles content and degassing (Frezzotti and Peccerillo, 2007).
Estimating or calculating the oxygen fugacity (f(O)) in Earth materials is a recurring
problem. The f(O,) cannot be measured directly except in volcanic gases (Symonds et al.,
1994). In the melt phase, the f(O,) may be estimated using several methods. Within the
melt, the Fe**/Fe®" is a proxy for the f(O5) as described by Kress and Carmichael (1991)
or Bezos and Humler (2005). The H,O content in the melt depends on the f(H,O) in the

fluid which is in turn a function of the f(O,) according to the reaction:



H,' +%o;' < H,0" (1)

The f(H,0) is first estimated from existing models (e.g. Dixon et al., 1995). Then, with a
known f(H;), one can estimate the f(O,).
The f(O,) can also be calculated from the equilibrium of carbon-bearing volatile species

and according to several reaction such as:
Co,' «<>CcOo" +%OzfI (2

CO,' +2H,' «<>CH," +0/ (3)

Either reaction can be used to calculate f(O,) depending on the species abundances. The
first reaction is commonly used in moderately reducing conditions, such as with present
day MORB (Pawley et al. 1992). CO,-rich fluid inclusions are also very common in
shallow mantle rocks (Andersen and Neumann, 2001).

The second reaction occurs with more severe reducing conditions (Holloway, 1987;
Kadik et al., 2004) where CHy, is the dominant species and is supposed to have been a
major control of the degassing during the Archean period (Arculus, 1985). CHy is
identified in the fluid phase entrapped in inclusions for particular geological settings.
Beeskow et al. (2005) analysed CH4-CO; fluid inclusions in quartz collected from a
coalfield in South Wales. Liu and Fei (2006) identified CH, in olivine-hosted fluid
inclusions from Paleozoic ophiolites.

The investigation on the composition of the fluid phase is of great interest for the
understanding of the Earth degassing. It thus appears compulsory to study the
composition of the fluid phase as it provides valuable information on the redox state of

the Earth mantle.



1.1 Fluid inclusions analyses: Quantification of the fluid species.

Qualitative and quantitative analyses of fluid inclusions can be achieved with several
techniques either destructive or non-destructive. The different approaches are reviewed
elsewhere (Dubessy et al., 1989; Roedder, 1990; Boiron and Dubessy, 1994; Shepherd et
al., 1998).

Laser Raman Microspectrometry (LRM) has been widely used for fluid inclusion
analyses as it is non-destructive and not time consuming (Roedder, 1990; Burke 2001).
On the other hand, Raman is virtually non-quantitative (McMillan, 1984) and can only be
used with relevant calibration with standards with known composition (Wopenka and
Pasteris, 1987; Dubessy et al., 1989; Seitz et al.; 1993). LRM Non-quantitative aspects
arise from the lack of knowledge on the analysed sample and therefore the number of
excited molecule. Thus only the mole ratios between species are usually used.

In fluid inclusion composition analyses, LRM technique is coupled with other techniques
such as microthermometry (e.g. Bergman and Dubessy, 1984; Chen et al., 2004), FTIR
(Wopenka et al., 1990), LA-ICP-MS (e.g. Shepherd et al., 1998; Stalder et al., 1998;
Gunther et al., 1998) or even NMR (Dereppe et al., 1994).

NMR is the only bulk non-destructive method. It can be used to investigate various
elements: **Na, #°Si, ?’Al or/and **C in solid state (Kohn et al. 1991; Neuville et al., 2006;
Lee and Stebbins, 2003) but also **Cl in fluid inclusions (Sherriff et al., 1987). Although
it appears to be a powerful technique, it has sample requirements: 1) Fe-free composition,
2) relatively large sample (> 100 mg) and 3) possible isotopic enrichment of elements

with nuclear spin.



To be gquantitative LRM requires knowledge of the spectroscopic behaviour of the
molecular species as a function of the molecular environment. Combining LRM with
MAS NMR is one adequate solution for achieving qualitative and quantitative analyses of
fluid inclusions.

The gas species molar fraction (X) in fluid inclusion can be determined according to the

following equation:

A A H
X — Gaga — Fa Gia_| (4)

I If Xg

where X, is the molar fraction of the species a, A stands for the area of the species
observed by LRM, o is the Raman cross-section coefficient of a given vibrational Raman
active mode of a specified molecule and £ the Raman spectrometer instrumental
efficiency for the Raman active mode of the specified molecule and at a given excitation
wavelength. ¢ is specific to one spectrometer and may be totally different for another
spectrometer. Wopenka and Pasteris (1987) combined these two parameters and defined
F as the integrated Raman quantification factor. Similarly, a linear Raman quantification
factor G can be defined and related to the absolute height of the peak (H).

o is wavelength dependent (Dubessy et al., 1989; Burke, 2001). C is a parameter specific
to each Raman apparatus and therefore needs to be determined for each Raman
spectrometer (Kerkhof and Kisch, 1993). As a result, if one needs to perform LRM
quantitative analyses of fluid inclusions, it is imperative to calibrate those parameters.

Many studies (e.g. Wopenka and Pasteris, 1987; Kherkhof, 1988a; Chou et al., 1990)



suggested acquiring such empirical calibration through the use of standards with known
compositions.

In our study we combined two methods (NMR and LRM) to calibrate the Raman
quantification factor, F, for ****CO, and ***3CO. One major advantage is the fully
quantitative aspect of the NMR (the intensity of the signal is directly proportional to the
molar fraction of the identified species). As a bulk method, NMR will averaged out the
compositional heterogeneity which can observed by LRM from one fluid inclusion to
another.

The review by Burke (2001) lists the reported values for various gas species o. Currently,
there is a lack of knowledge concerning the calibration of **C species. For the 2v, *CO;
vibration (overtone of the bending vibration v, for a CO, molecule), a value of 1.5 for
at 514 nm has been used by several authors (Rosasco et al., 1975; Dhamelincourt et al.,
1979). Moreover, little is known about the behaviour of gases at high pressure (i.e. most
of the F and o are obtained for low pressure confined inclusions). Chou et al. (1990) and
Seitz et al. (1993, 1996) investigated the effect of pressure on the F and G factor (ratio
between the F or G of the 2 species) for CH4-N, and CH4-CO, synthetic fluid inclusions
mixtures. In both systems, a strong change in the F ratio is observed as a function of
pressure up to 700 bars. However, no investigation has been performed at very high

pressure (few hundreds MPa).

1.2 Research objectives: Quantitative analysis through LMR.

We have conducted an analytical study based on the combined use of LRM and *C-MAS

NMR for a series of synthetic CO,-CO bearing fluid inclusions.



The objective was to obtain a reliable calibration for the analysis of CO,-CO bearing
fluid inclusions by LMR, in order to derive F and G ratios for the CO-CO, mixture.
Results are valid for *3C isotopes but we tried to extend the results to *2C species.
Results will be discussed. Comparison with previous published data is difficult as the
derived calibration is only valid for our LRM equipment (LabRam Jobin-Yvon).
Application and discussion on the oxygen fugacity conditions during the experiments is
also addressed. The f(O,) calculated using LRM fluid inclusion analyses is compared to
the f(O,) value calculated through the H,O dissolved in the glass. The relatively good

agreement between the two methods suggests the reliability of our calibration.

2 Experimental and Analytical methods:

2.1 Experimental synthesis:

Synthetic Fe-free basaltic glasses in equilibrium with excess COH fluid phase were
synthesized under high pressure high temperature using an Internally Heated Pressure
Vessel (IHPV). The starting composition was prepared from a mixture of oxides (SiO,,
Al,O3 and MgO) and carbonates (Na,CO3 and CaCO3). A two stage preparation was
employed: 1) SiO,, Al,03, MgO and CaCO3; were mixed together and held at 1050°C for
few hours in order to dissociate the calcium carbonate (the resulting powder should be
then CO,-free); and 2) the Na,COs is added to complete the composition and is the source
of CO, during the experiment.

The composition in wt.% is 54.8, 21.1, 8.1, 12.9 and 3.2 for SiO,, Al,03, MgO, CaO and

Na,O respectively. The CO, added to the composition through the sodium carbonate is at
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1 wt.% level. The sodium carbonate source added is 100% “*C-doped which is the only C
species with a nuclear spin to be analysed by Solid-State MAS NMR.

Small amount of H,O (between 0 and 1 wt.%) is added at the bottom of the platinum
capsules. Starting composition is loaded on top of the water and the platinum capsule is
sealed. Experiments are conducted in IHPV with run duration between 2 to 3 hours to
ensure equilibrium is reached. The experimental conditions are 200 and 300 MPa for
pressure, 1225 and 1250°C for temperature. The details of the experimental conditions
for each sample are reported in Table 1.

Under those P, T conditions, the 1 wt.% *3*CO, added to the staring composition is well
above the solubility saturation level for basaltic compositions (Fine and Stolper, 1986;
Pan et al., 1991; Dixon et al., 1995). Therefore, we expect the melt to be in equilibrium
with an excess fluid phase in which C-species dominate.

The procedure to achieve the experimental conditions is described elsewhere (e.g.,
Scaillet et al., 1992) and can be summarized as follow. The IHPV is loaded at room
temperature with a known partial pressure of pure H, (P(H.), see Table 1), Argon gas is
then loaded up to roughly half the desired total pressure (P*") value (either 100 or 150
MPa). The temperature is then brought to the final value. Previous experiments have
shown that under those P-T conditions the final estimated P(H,) is therefore equivalent to
roughly two times the initial loaded P(H,). The final P(H,) experienced during the run are
shown in Table 1. At run conditions, the hydrogen diffuses into the Pt capsule and acts as

reducing agent for the loaded CO, according to the reaction in the fluid phase:

CO,'+H,' &>CO" +H,0O" (5)
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where fl stands for the gas in the fluid phase and m stands for the species in the melt
phase. Further reduction will produce CH,4 as shown by Eq. (3).

The water produced during those reactions will mostly enter into the melt (H,O™) as the
solubility level is very high compared to CO; and little water will be observed into the
fluid inclusions (see Table 2). The range of P(H,) was chosen to 1) avoid graphite
saturation and 2) minimize the presence of CH, (Eq. (3)). Although we mainly obtained a
mixture of CO,-CO in the fluid phase, CH,4 was still identified. No graphite was observed
in the whole sample (glass and fluid inclusions as revealed by NMR analysis).

The sample is quenched to the ambient temperature by dropping the capsules into the
cold part of the IHPV. During the quench, the fluid phase is mainly located at the top of
the capsules; however a non-negligible part of the fluid phase will be entrapped as
inclusions inside the glass.

Several chips from the recovered glasses were selected for micro-Raman and FTIR

analyses. Remaining of the glass sample was then crushed for *C-MAS NMR analysis.

2.2 Confocal Micro-Raman:

LRM was used to characterize the fluid species inside the inclusions. The Raman system
is a Jobin-Yvon Labram spectrometer (focal distance = 300 mm) equipped with a 1800
gratings/mm CCD detector. The light source is an Ar laser Innova 300-5W from
Coherent© operating at 514.5 nm. The analyses were performed in confocal mode (hole
=500 um, slit = 200 um) so the contribution of the surrounding glass is limited and the

inclusion contributes to the majority of the Raman scattering signal.
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Spectrometer was set in the region of the CO,-CO scattering between 1100 and 2200 cm’
! Analyses were also done in the CH,4 region (2900 cm™) to check its presence. The
spectral frequency position was measured with the emission lines of Ne- and Hg-lamps.
The accuracy stays within + 1 cm™.

We used a variable output laser power between 25 and 200 mW. The acquisition time on
a given inclusion was typically between 10 and 120 sec.. We have tested the influence of
laser power and acquisition time on two inclusions in KB16. No change in the ratio of the
different species was observed with varying analysis conditions. The determined ratio
standard deviation does not exceed 3% in value. All analytical conditions are reported in
Appendix.

More than 10 different inclusions for KB3, 5, 8 and 16 were analyzed for the calibration
of the Raman quantification factors.

For some inclusions (see Appendix), the LRM spectrum was acquired in oversaturation
conditions of the detector for the main CO, peak. For example, in KB5-14 the 2v, *?CO,
resonance is not measured as it was above the saturation level of the CCD detector. The
aim was to increase the intensity of the minor constituant peak, the 2v, **CO, resonance.
For KB10 and 12, we analyzed 2 inclusions. Those samples were not included into the
calibration. They are used as an independent verification for the reliability of our work in

the f(O,) calculation.

2.3 Micro-FTIR analyses for glass water content:

Doubly polished plates were prepared from selected glass sections for micro-FTIR

analyses in order to quantify the water content (H,O™). Near-IR spectra (between 4000

13



and 6000 cm™) were obtained for 100 um spot size using a Continupm microscope
attached to a Nicolet 5700 Fourier transform infrared spectrometer. A KBr beamsplitter
and MCT-B detector were used to collect 128 scans at a resolution of 4 cm™. The
atmospheric contribution (in particular water) was reduced by enclosing the sample in a
box purged with dry air for at least 20 minutes. Prior to sample acquisition, an
instrumental background was subtracted.

Several spectra were taken on different location in the glass plate. A volatile-free FTIR
spectrum was taken on a dry glass synthesized at 1300°C, 1 atm. and was subtracted to

each volatile-bearing samples spectrum.

2.4 ¥C-MAS NMR:

13C-MAS NMR spectra of the partially crushed samples were acquired on a 500 MHz
Bruker Avance (11.7 T). A 4 mm CP/MAS “double bearing” probe was employed and
the samples loaded in a ZrO, rotor with Teflon end-cap. Rotors were spun at 10 kHz.
The measurements were made at the *3C frequency (125.75 MHz). All spectra are
referenced against TMS (Tetramethylsilane).

For all samples, **C-MAS NMR spectra were acquired with single ni/4 excitation of 2 ps
(SPE spectra). For both KB8 and 16, 13C-MAS NMR spectra were also acquired by
using a rotor-synchronised spin-echo sequence (/2 — T — n — © — acq.) with a /2 pulse of
4 ps and t equal to one rotor period. In all cases, *H decoupling during acquisition
(SPINALG64 scheme with a rf field of 60 kHz) was used to prevent from broadening of
the *C lines due to heteronuclear interactions with protons (Laws et al., 2002). However,

due to the very sharp signature of CO, and CO in the fluid phase and the presence of
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protons only in the surrounding glass, the broadening effect is unlikely to occur., During
the evolution time in the spin-echo sequence (t), both CO, and CO may evolve
differently; however it is unlikely it will produce a large difference on the quantification
for this gaseous species especially for 1 rotor period (0.1 msec.) where the evolution is
relatively small.

C-species can have long spin lattice relaxation times in silicate glasses (several minutes,
Kohn et al., 1991). It is not the case in fluid phases where relaxation timescale are very
short, we used several recycle time D1 (2, 20 sec., see Table 1 and Figure 2A) values to
check the consistency in the response of the C-species.

The number of scans collected is relatively large because of the low CO; solubility in the
melt and the small quantity of fluid inclusions (the most important part of the fluid
escapes during the opening of the capsule). Thus, depending on D1 values, between 3k

and 103k scans have been co-added.

3 Results:

3.1 Description of fluid inclusions:

Figure 1 shows typical fluid inclusions observed within the samples. Inclusions are
disseminated but can be locally concentrated. The inclusions are entrapped during the
quench in a glass matrix either clear in the case of KB16, KB8, KB10 and KB12 or
cloudy in KB3 and 5. The cloudiness is due to the presence of crystals in the glass. The
nature of the crystal is not fully known but we suggest it is unreacted material preserved
during the quench. Due to the peraluminous character of the starting composition (21

wt.% Al,O3), we suppose the unreacted material are alumina or mullite crystals.

15



The inclusions are round-shaped and therefore considered as primary (Roedder, 1984)
with sizes ranging from ~10 to 100 um. Larger inclusions were seen but are very often
pierced. The inclusions are clear and do not present either graphite lining or solid

independent phase inside (Roedder, 1984).

3.2 Fluid inclusion spectrum analyses:

3.2.1 BC-MAS NMR spectra:

Figure 2A shows NMR spectra for KB3 (acquired with different recycle delay, D1 =2
and 20 sec.) and KB5. Two major peaks are observed on the spectra: one located at 125
ppm and assigned to **CO, and one located at 183.5 ppm and assigned to **CO (Kohn et
al., 1991). No peak is observed at around 0 ppm which would reveal the presence of
3CH, (Ripmeester and Ratcliffe, 1988; Subramanian et al., 2000). The same observation
is made for the other samples. There is a weak broad peak visible in KB5 between 160
and 175 ppm which is attributed to carbonate groups (COs>). CO, dissolves in basaltic
melt only as COs% units (Blank and Brooker, 1994). The presence of such a broad signal
is given by the molecular environment of COs* dissolved in the glass. On the other hand,
the presence of CO, and CO can only be assumed to be entrapped into fluid inclusions
and not dissolved in the glass.

Experiments were performed in water undersaturated conditions (i.e. most of the H,O and
H, will dissolve in the glass, Gaillard et al., 2003). If H is present, it will reduce CO, to

form CHa.
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LRM suggests the presence of CH, in the fluid inclusion. However, the CH,4
concentration is estimated to be very small and therefore below the NMR detection limit
(a few %).

The CO, molar fraction (X(**CO,)) is calculated using the ratio of the integrated area
underneath the peaks at 125 and 180 ppm.

Using several D1 time does not modify the ratio of the C species (Table 1 and Figure
2A). In KB3, for D1 = 2 sec., the X(**C0O) is equal to 0.728. X(CO,) for D1 = 20 sec.
differs slightly and is equal to 0.770. The difference is probably within error and the
standard deviation (0.029) between the 2 values will be used for the other samples
measurements of X(CO,). In Table 1, we report 0.749 as the average of the 2 values. The
same applies for the 2 NMR analytical conditions used for KB16 (SPE and spin-echo
spectra). Only a slight difference is observed in between the X(**CO5) values from 0.689
for SPE to 0.634 for spin-echo spectrum. The error bar reported for KB16 (+ 0.038, Table
1) is probably the maximum error that we can observe. This value will be used later in the
error propagation calculation for correcting the data by water activity. It should be
mentioned that those values are not corrected for H,O molar fraction (X(H;0)) in the

fluid phase (see section 4.3).

3.2.2 Confocal micro-Raman spectra:

Typical Raman spectra are reported in Figure 2B for several samples. The dashed line
underneath corresponds to a typical baseline placed prior to the integration

measurements.
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Several peaks are observed. Two groups of peaks are located: 1) in the 1300 cm™ region
and is assigned to CO, molecules and 2) in 2200 cm™ region and corresponds to CO
molecules. However within each group several peaks are seen. For the CO molecules, 2
peaks are located at 2090 and 2137 cm™ and are assigned to **CO and **CO respectively.
The CO; in the fluid phase is represented by the Fermi diad (Wienecke et al., 1986) at
~1283, 1386 cm™ for *CO, and 1369, 1262 cm™ for *CO,. Each individual resonance
corresponds to the 2v, and v; respectively (Rosasco et al., 1975; Garrabos, 1980; Kerkhof
and Olsen, 1990).

Additionally, we identified in KB16 (also identified in KB10 and 8) the CH,4 symmetric
stretch (v1) at very low Raman shift value at 2900 cm™ (usually ~2915 cm™ as mentioned
in Kerkhof, 1987; and Larsen et al., 1992). Because our samples are enriched in **C
isotope, we suggest this peak to be attributed to **CH,. The intensity of the CH, peak is
lower than CO peak and we regard this species as a minor diluted component. For KB12
(sample with the lowest P(H,)), CHy, is totally absent from the spectrum or below
detection limit. The small proportion of CH4 observed by LRM is in agreement with the
NMR results which do not identify its presence.

The hot band near the Fermi diad of CO, are the result of two effects (Rosso and Bodnar,
1995; Dubessy et al., 1999; Chen et al., 2004): 1) the anharmonicity of the vibrational
levels producing different energetic differences between two successive vibrational
levels; and 2) the population of the excited vibrational levels increases with temperature.
In Figure 2B, only one hot band is visible and observed at 1406 cm™. Other hot bands

may be observed as we increase the temperature above 200°C.
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Samples were supposed to exhibit 100% in *C, but the incomplete decarbonatation of
Ca'?CO; in the starting powder suggests *2C is still abundant and present as **CO,, *?CO
in the fluid inclusions.

The signature of each species was quantified either by measuring the height (H) or the
area (A) of the peaks. A typical baseline is represented in Figure 2B (dashed line)
underneath the Raman spectrum.

Results from the integrated areas and heights of the different peaks (CO; 2v,, v1 and CO
for 1*C and '°C) are reported in the Appendix for the different analyzed inclusions. Peak
areas or height have been measured with the built-in functions in Origin© software. A
and H are proportional 1) to the quantity of analyzed molecules (function of fluid density,
composition, size and depth of the inclusion), 2) to the Raman analytical conditions. For a
given inclusion, increasing the acquisition time will increase the precision of the
measurement.

From the integrated areas and the peak heights of the different species within the fluid
inclusions, we can therefore calculate 1) the enrichment in *3C in each sample, 2) the
fractionation *C/*2C if it exists, 3) calibrate Raman quantification factor (F and G) by
combining the NMR and the Raman results for **C-species and thus 4) give an estimate
of the molar fraction X(*3*CO5) of each individual fluid inclusion which is used to
calculate the f(O,) the samples experienced during the run in equilibrium with the fluid
phase. We extended further our calibration method to **C-species. Raman quantification
factor (F and G) and the X(*2CO5) are determined for ?C-species by combining the **C-

NMR results and the ?C-species Raman results.
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3.2.3 Water content in the glass matrix (H,0™): FTIR analyses.

The water content in the glass (H,O™) was determined by micro-FTIR measurements.
Quantification of the H,O™ is then used to estimate the X(H,0)" as well as the f(O.) (see
section 4).

In Figure 3, we show the FTIR spectra obtained for the basaltic glass in the water
vibration region (KB10 is not shown for clarity). Two main water species are identified.
One vibration located at 4500 cm™ is assigned to OH groups and one at 5200 cm™ is
assigned to the bending of H,O in its molecular form (H20m°'), consistent with previous
studies (e.g., Stolper, 1982a; lhinger et al., 1994; King et al., 2002; Stuke et al., 2006).
The H,0™ species are observed for samples with the highest water content whereas OH
groups are always present which is in agreement with H,O speciation models.

The H,O™ is determined by quantifying the sum of each individual species (i.e., OH

groups + H,0™"). We used the Beer-Lambert approximation (Morizet et al., 2002, 2007):

_ Abs, -18.02
p-d-e

C.

(6)

where C;, the concentration of i-species, is a function of the integrated absorbance of the
peak vibration (Abs;) times the molecular mass of the water molecules (18.02, g.mol™)
and divided by the product between the density (p, g.L™), the thickness of the sample (d,
cm) and the integrated molar extinction coefficient for the considered specie (g, L.mol
.cm).

Reliable quantification can only be achieved if suitable values for ¢ are available. In order

to be consistent, we have used for all samples the ¢ values derived by Stolper (1982a) and
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valid for basaltic composition: 200 L.mol™.cm™ for OH groups and 300 L.mol™.cm™ for
H,0™". Vibration at 3550 cm™ for total water was not used as the total peak could not be
obtained, especially for high water content. A density value of 2537 g.L™" was used and
determined from Lange and Carmichael (1987) glass density model. The spectra for each
sample were normalised to 100 um thick.

The calculated H,O™ is indicated in Figure 3. The value is based on the FTIR
measurements of at least 3 different spectra. The error on each value is calculated from
the standard deviation analysis of the sum OH, H,O™ concentrations. For KB3, the OH
signal is very weak. The H,0™ error reported in the Figure 3 is probably underestimated

and may be closer to +/- 0.1 wt.% rather than +/- 0.01 wt.%.

4 Discussion:

4.1 Raman quantification factor (F, G) ratios for *C species:

From the Placzek’s polarizability theory, a quantitative analysis of the species molar

fraction can be achieved (Schrotter and Kléckner, 1979; Wopenka and Pasteris, 1986,
1987; Dubessy et al., 1989; Burke, 2001).

Applying Eqg. (4) to our binary fluid system (CO,-CO), the X(CO,) can be calculated

using the peak area (A) or height (H):

()
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H(co,)
X (CO,)= (ng()c ,:)( o) 8)
6(co,) " 6(co)

F and G are the Raman quantification factors used with the area and the height of the
peaks respectively. Both values are of interest and provide complementary information.
G-factor value has been constrained for other binary gas mixtures. Seitz et al. (1993,
1996) derived the G- and F- factor for CH4-N, and CH4-CO; gas mixture. For example,
the G-factor between CH,4 and CO, shows more variability compared to the F-factor as a
function of pressure. Such difference for CH4-CO; could be the result of modified
molecular interactions upon pressure inducing a peak line broadening.

Eq. (7) and (8) are linear. Area and height should be measuring the same quantities. In
Figure 4, we have reported the peaks areas (A;) versus the peak heights (H;, see Appendix
for data) for all observed species and resonance (CO, 2v,, v, and CO for **C and *2C)
which were measured from all inclusions by LRM. There is a clear linear trend (A; = 4.70
H;) relating the height and the area of a given resonance which is consistent with the
linear aspect character of Eq. (7) and (8).

We consider a mixture between CO, and CO in the fluid phase. We make the assumption
that the small amount of CH,4 does not intervene in the X(CO,) calculation. The Raman
scattering coefficient for CHy, is 8 times higher than for CO, or CO (Seitz et al., 1996;
Burke, 2001). In KB16, the area measured for the presence of CHj, is roughly equivalent
to the area measured for CO. We estimated that CH, would only represent less than 5 %
(X(CHy,) < 0.05) in the fluid phase which is probably within the error of the Raman

measurements.
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With CO, and CO, Eqg. (4) and (5) can be rearranged and can be expressed as a function

of the F- and G-factors:

(1- X (CO,))x A(CO,) = X (CO,)x A(CO)x i((f%)) 9)
(1- X (CO,))xH (CO,) =X (CO,)xH (CO)xG(COZ) (10)

G(CO)

We obtain a linear relation between A (or H) and the F (or G) ratio passing through zero.
Eq. (9) and (10) can be applied to either C isotope but we first consider the **C for which
NMR data is available. A(CO,) stands for the area of the CO, peak which is either the 2v;
or v; resonance. We considered the resonance of the CO, diad individually, although,
Dubessy et al. (1989) suggested using the sum of the peak areas for quantification. Seitz
et al. (1996) on the other hand concluded that it was more reliable to use the 2v,
resonance instead of the peaks sum. We will see in fact that each resonance may be used
without significant difficulties.

Application of Eq. (9) and (10) is represented in Figure 5. We use the values obtained
from NMR as an input for the X(**C0O,"™) and combined it with either the area of
Raman peaks (Figure 5A and 5B) or the height of Raman peaks (Figure 5C and 5D). In
order to be consistent with the NMR results, we only used the Raman information for the
3¢ isotope..

Although, we obtain a good linear correlation (dashed line) with 95% confidence interval
(dotted lines) for the calibrations of the F ratios using the area of the peaks (Figure 5A

and 5B) a slight variability may be observed. We do not preclude from compositional
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heterogeneity in the fluid inclusions. Slight change in the fluid inclusion composition is
only visible through Raman analysis but is averaged out with the NMR bulk method. The
height of the peak gives a good correlation when using the 2v, resonance (Figure 5C and
5D). We obtain an F(2v, *CO,)/F(**CO) = 1.956 + 0.028. Calibration of the G-factor
provides similar results with G(2v, *CO,)/F(**CO) = 1.809 + 0.035. This is in agreement
with the fact that the area and height of the peaks should be measuring the same quantity.
Up to now, no data are available for the calibration of the v, CO, peak quantification
factor. We find a value F(v; *CO,)/F(**CO) = 0.526 + 0.014. Using the height of the
peak, we calibrated the G ratio for v, resonance of *CO,. In Figure 5D, it seems there are
multiple correlations. We can separate the dataset in 2 parts: the first represented by
KB16 and the second represented by the other samples, KB3, 5 and 8. Two trends are
identified. For KB16, the G factor is roughly 0.3 whereas for KB3, 5 and 8, the G factor
is around 0.5. The main difference in between the samples is the *C enrichment which is
different. KB16 has roughly 80% in *3C isotopes. KB3, 5 and 8 are enriched at a lower
level (~40%). The multiple trends aspect only concerns the v; calibration and this
behaviour is not observed for the 2v,. The use of the v; resonance height may not be
suitable for relevant calibration of randomly enriched samples. The shape of the v;

resonance peak is not changing linearly with the **C enrichment of the samples.

4.2 Raman quantification factor applied for **C species:

Calibration results obtained for *C-species are extended to *?C-species to test if whether
or not CO, and CO molecules in both isotopes possess the same Raman cross-sections

(i.e. F or G ratio for 2v, *CO, / 2CO are similar). In other words, we test the assumption
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that *3C and *2C species do not fractionate in the fluid phase and enter the melt phase
indifferently. We regard the reaction CO;, <» CO + % O, as equivalent in between the
isotopes on a thermodynamic point of view.

Using the X(*3*CO,) measured from NMR, combining it with the integrated area and the
height of the 2v, ?CO, and ?CO, we have derived the F and G ratio for the **C species
which is represented in Figure 6A and 6B. We only used this approach for 2v, resonance
for clarity as we suggested v1 not to be reliable enough for calibration as seen in Figure
5D. Although we take the X(**CO,) from NMR, if a significant difference would exist in
between the two isotopes then several trends will be expected. For example in Figure 5D,
we observe 2 different trends for the calibration of the G factor of the v; resonance. The 2
trends are likely to be explained by the different enrichment in **C isotope: KB16 is more
enriched in **C (~80%) than the other samples (~40%).

Values derived from the linear fit are 1.856 + 0.057 and 1.756 * 0.054 for F and G factor
respectively for ?C isotope. Those values are in the same order as for the calibration
obtained for *3C species. The errors on the values are larger than for **C species G and F
factors. The data points for KB3 in particular show a large scatter compared to the other
samples. Thus, as KB3 is included in the fit, it represents the major source of error in the
final values. Removing KB3 data points would probably increase the obtained value for F
and G factors. A slight heterogeneity in the KB3 fluid inclusions compositions may be
responsible for the large scatter.

The F ratio given by Wopenka and Pasteris (1987) for the 2v, *CO, and **CO is reported
for comparison (1.55 corresponding to 1.52 and 0.98 for 2v, **CO, and **CO Raman

scattering cross-section).
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The F ratios value obtained from linear regression in Figure 6 (2v, *CO, vs. **CO) is
only slightly different from the one established by Wopenka and Pasteris (1987)
determined for a RAMANOR U-1000 spectrometer.

The difference in between the calibration values may be due to either different Raman
efficiency coefficient value () or a true effect of the fluid inclusions trapping conditions.
Synthetic fluid inclusions in Wopenka and Pasteris (1987) were formed at less than 1.5
MPa. Although we did not measure the pressure inside the inclusions, it is likely that the
pressure inside our fluid inclusions is higher. The different inclusion pressure could have
a possible effect on the quantification factor.

The supposed change for F with pressure has implications for the quantification of high
pressure fluid species through LRM. If one needs to determine the molar fraction of a gas
species entrapped at high pressure then a proper calibration needs to be done for the
quantification factor as the reported value for low pressure fluid inclusions may not be
suitable for high pressure domain. Yet, it is currently unknown what behaviour the F and
G factor could adopt at very high pressure. Using non suitable value for high pressure
fluids may therefore induce a significant error on the determination of the gas mixture
composition and thus on the molar fractions calculations.

Because we obtain similar value for the F and G factors for the 2 different isotopes, we
conclude that our analytical approach (combining NMR and LRM analysis to constrain
the Raman quantification factor) is adequate. Moreover, we also suggest that *?C and **C
species have comparable behaviour for Raman scattering. Thus, both isotopes can be

quantified through LRM with the same F or G factor.
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4.3 CO, molar fraction recalculated from LRM and correction for H,O content in

the fluid phase:

The calibration has been performed considering only CO, and CO are present in the fluid
phase and neglecting the presence of CH,4 as C-species. However, CO, and CO species
should be in thermodynamic equilibrium with H,O in the fluid phase as H,O is present in
the melt. We estimated the H,O molar fraction in the fluid phase (X(H,0)) according to
Eq. (11):

f(H.0)

Ptot ¢(HZO) (11)

X (H,0) =

where f(H,O) stands for the H,O fugacity; Py is the total pressure of the experiment; ¢ is
the H,0 fugacity coefficient. The f(H,O) was estimated from the model of Dixon et al.
(1995) which relates the H,O solubility in the melt to the H,O fugacity in the fluid. H,O
fugacity coefficient is determined from the equation of state given in Shi and Saxena
(1992). The results on the X(H,0) are reported in Table 2. Values oscillates from almost
0 for KB3 and up to ~20% for KB12. Although most of the calculated values are below
10% for the other samples. The error on the X(H,O) was calculated considering an error
of +/-10 bars on the determination of the f(H,O).

Using the calibration of G and F factors obtained for the 2v, CO, resonance (see Figure 5
and 6), we have recalculated the X(*3*CO,) and X(**CO5) uncorrected for X(H,0). Results
are given in Table 2. Each value represents the average and the standard deviation for
X(COy,) obtained from all the fluid inclusions analyzed by LRM.

The X(CO,) in the fluid phase has been recalculated accounting for the amount of H,O
present in the fluid phase. According to mass balance and considering **C and **C

isotopes do not produce significant fractionation, we have:
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X (H,0)+X(CO,)+X(CO)=1 (12)
Correction on the X(CO,) was done according to the following equation:

_l—X (Hzo)

X (C02 )corrected o (13)

a+l

where a = X(CO)/X(CO,) determined from either NMR or LRM prior correction.

The X(CO,) corrected value is also reported in Table 2. For a low X(H;0), the X(CO,)
corrected value does not significantly change from the uncorrected one. In KB3, X(COy)
changes from 0.769 to 0.766 for uncorrected and corrected value respectively. It is not the
case for KB12 for which the X(CO,) is decreased from ~0.93 to ~0.75 between
uncorrected and corrected value.

In Figure 7, the corrected X(CO,) determined by LRM are plotted against the corrected
X(**C0O,) measured by NMR. The 1:1 line is also reported for comparison. The plot is
presented in the range of molar fraction of interest (0.5 to 0.9).

The obtained calibration is satisfactory for most of the samples as the X(CO;) LRM
reproduces well the X(**CO,) NMR. 3C species abundances are reproduced precisely by
the produced calibration.

Reproducing the X(*?C0O,) by LRM appears more difficult especially for KB16 (~0.68 for
X(*2C0,) by LRM versus ~0.61 by NMR). One source of disagreement can potentially be
the different enrichment in **C observed in KB16; however this point would have to be

confirmed with further fluid inclusion analyses on different **C/**C ratios.

4.4 Oxygen fugacity calculation from H,O and CO, equilibrium reactions:
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In the fluid phase, CO,, CO and O, are in thermodynamic equilibrium according to Eq.
(2). Using the thermodynamic formalism described by Shi and Saxena (1992), we have
calculated the f(O,) within each sample. The Eq. (2) equilibrium constant (K(CO,)) is

related the X(CO;) and X(CO) measured in the fluid according to the relation:

X (CO)$(CO)- f (0,)z

K(CC,)= X (CO,)4(CO,)

(14)

where ¢ is the fugacity coefficient determined from equation of state and K from the
thermodynamic database given in Shi and Saxena (1992).

The redox state of the fluid (f(O.)) is calculated following two methods. The first one is
based on the CO,-CO-0; equilibrium from fluid inclusion data and the second one on the
H,0-H,-0; equilibrium using f(H,) known from experimental conditions and f(H,O)
derived from solubility of water in the melt at experimental P and T conditions. As stated
before, H,O™ is in equilibrium with H,0", which implies that a(H,0)" = a(H,0)™ or
f(H,0)" = f(H,0)™. If the redox state (f(O5)) is controlled by H, fugacity, according to Eq.

(1), the relationship between different gas fugacity is the following:

(15)

where f represents the fugacity of the different species. K(H,O) is calculated from
thermodynamic data in Shi and Saxena (1992). The f(H,) are experimentally applied

values listed in Table 1.
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Results are given in Table 3 listing the log f(O,) calculated with the two different
methods and plotted in Figure 8. We choose to take the average of the log f(O,) (column
6) as representative of the LRM fluid inclusion analyses. The standard deviation on the
calculated log f(O,) values is also represented. We only used the X(CO,)-X(CO) values
corrected for X(H,0) and shown in Table 2 to calculate the log f(O,). However,
calculation with uncorrected X(CO,)-X(CO) values changes the log f(O2) by only 0.01
log unit.

We observe in Figure 8 a large disagreement between the two calculation methods for
KB3. This discrepancy may be explained by the remarkably low water content in KB3.
H,QO™ estimation by FTIR is therefore more difficult and subject to very large error.

The solubility of H,O in silicate melt is a non linear function of f(H,O). For 0.27 wt.%
H,O™ we found a f(H,O) = 10 bars but owing to the associated analytical error of H,O™
determination, we can not exclude this value to be 2 to 3 times higher which would
change the log f(O,) by almost 1 unit.

Moreover such a value (log f(O,) ~-13 corresponds to extremely reducing conditions well
below the graphite saturation. Those reducing conditions would induce a change in the
appearance of the sample which should be totally blackened by the graphite crystals. The
3c-MAS NMR would also have revealed the presence of very reducing species such as
SiC or even AIC groups. This is not the case in the spectra (NMR or LRM).

The NMR results on the X(CO,) cannot be challenged as it is a more quantitative method
than the FTIR. We suggest the H,O™ method to calculate the f(O,) is less reliable for our

glasses with low water content in regard of 1) the possible large error on the FTIR
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measurements at low H,O™ and 2) the corresponding large uncertainty on the fugacity
estimate.

Another possibility is the departure from 1:1 line. It appears there is also an offset of 0.5
to 1.0 log unit for KB5 and KB8 respectively. Either it represents the absolute error on
the log f(O,) calculation or one of the two method is not calculating the real log f(O,) at
equilibrium.

For example, compositional changes can occur during quenching either in the fluid phase
or the melt phase (Zhang et al., 1995; Morizet et al., 2001). Thermodynamic calculations
are performed at run temperature, however the fluid inclusion spectroscopic
measurements are conducted at room temperature. Therefore, the X(CO,) measured may
not be entirely representative of the high temperature fluid composition. This hypothesis
could only be tested with in-situ measurements.

On the other hand, for KB16, 10 and 12 we obtain an excellent agreement in between the
two methods. KB10 and 12 were not included into the LRM calibration but were used as
an independent test. The fact that KB10 and KB12 show an excellent correlation is a very
strong witness for the reliability of the Raman quantification factor (F and G) calibration

presented in this work.

5 Summary:

Determining the fluid inclusion composition relies on micro-analytical techniques such as
LRM. LRM requires a relevant calibration for measuring the gas molar fraction within

the fluid inclusions.
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We have combined LRM and **C-MAS NMR analyses to produce a calibration for CO,-
CO gas mixture entrapped in synthetic fluid inclusions quenched from high temperature
(1200-1250°C) and high pressure (2-3 kbars) experiments. The applied method with the
use of NMR measurement has the major advantage to be independent of fluid density and
is only function of fluid composition.

First, the calibration was applied to *3C species. We have determined the F and G factors
for *CO, and *CO. From the CO, Fermi diad, we obtain a well defined unique linear
trend when using the 2v, **CO, resonance whereas the use of the v, resonance produce
strange behaviour. We suggest that only the use of the 2v, CO, resonance is suitable for
determining the fluid composition in CO,-CO mixture.

Second, considering *2C and **C isotopes behave similarly, we have extended our
calibration procedure with **CO,-*2CO species identified in the fluid inclusion and in
equilibrium with *3C species. We found values for F and G factors which are close to *C
species F and G values. It implies that 1) *2C and **C species are not strongly fractionated
in the fluid phase and may be considered almost equally on a thermodynamic point of
view, 2) Although the chosen approach is likely to be more robust for *3C than for *2C
species, our calibration may be applied to both isotopes indifferently.

The observed values for F and G are different from previously published value for F and
G. The difference may be the result of the 1) different entrapment pressure or 2) change
in the Raman efficiency coefficient. Most of the reported fluid composition calibrations
have dealt with low pressure synthetic inclusions. Up to now, no data for F and G factors

are available for high pressure domain and this point needs to be investigated further.
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X(COy) has been recalculated according to the calibration results, it was then used to
calculate the log f(O,) in the fluid phase. The calibration has also been tested using 2
independent samples which were not used in the calibration process. There is an excellent
agreement between the log f(O,) calculated for those samples from fluid inclusions
analyses and from water content within the melt.

A reasonable agreement is observed between the log f(O,) calculated from 1) the fluid
inclusions analyses and 2) H,O dissolved in the melt. However, at low H,O content, there
is a strong departure of the log f(O,) from the 1:1 line suggesting that log f(O,)
calculation method from H,O dissolved in the melt may not be suitable under these
conditions. Thus, fluid inclusions analyses may be considered as an alternative approach
for determining the log f(Oy) in dry or nearly dry conditions.

Alternatively, a change in the fluid phase composition during quenching could explain
this disagreement. However, only in-situ measurements of the fluid phase composition

may be able to test this hypothesis.
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Figure caption:

Figure 1: Fluid inclusions pictures taken on different samples. The picture is taken

through the objective x60 and the scale is represented (25 p).
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Figure 2A: *C-MAS NMR spectra for KB3 and 5. KB3 spectra were acquired with
different recycle delay (D1 = 2 and 20 sec.). Several species are identified: 125, CO,";
180, CO™; 160-175 ppm, COs* ™. The X(*3*CO,) for each is added and was calculated

from the ratio of the integrated area for fluid species.
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Figure 2B: Fluid inclusion Raman spectra showing the signature of the CO,-CO gas
mixture for **C and **C isotopes. The CO, Fermi is represented by 2 main vibrations: 2v,

(1385, 1360 cm™ for 2C0O, and *C0O,) and v (1285, 1260 cm™ for *CO, and **COy);
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and accompanied by a “Hot band” vibration at 1405 cm™. CO shows 2 bands at 2140 and

2090 cm™ for *2C and **C respectively.
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Figure 3: FTIR spectra showing the water vibrations: OH groups, 4500 cm™; H,0™",
5200 cm™. The dashed line represents the baseline placed prior to integration of the
vibration peaks. The water content (H,O™) is also indicated and was derived from Beer-

Lambert approximation (see section 3.2.3 for detail).
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Figure 5: Raman quantification factor (F and G) calibration for *3C isotopes. A,

calibration for F(2v, CO;) / F(CO); B, calibration for F(v; CO;) / F(CO); C, calibration

for G(2v, COy) / G(CO); D, calibration for G(v; COy) / G(CO).
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factor.
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Tables:

Sample P (MPa) Temperature (°C) P(H,) (bars) H,0™ X(®C0,) from NMR
0.728"
KB3 210 1225 27 0.27 £0.01
0.770"
Average 0.749 £0.029
KB8 197 1250 56 1.09 £0.18 0.668
KB5 210 1225 27 1.01 £0.06 0.753
0.689"
KB16 300 1250 40 1.51+0.14
0.634"
Average 0.661 £0.038
KB10 320 1250 62 1.66 £0.16 n.a.
KB12 313 1250 17 2.52 £0.09 n.a.

Table 1: IHPV synthesis conditions for COH fluid bearing glasses. P* represents the final pressure during the experiment. The P(H,)
is the partial pressure of H, at the experimental conditions. The H,O™ was determined by FTIR analysis (see section 3.2.3 and Figure
2 for details). The error is calculated from standard deviation analysis. The X(**CO.) was determined by peak integration of the °C-
MAS NMR spectra. Value are uncorrected for the presence of H,O in the fluid phase. * NMR spectra were acquired in different
conditions. For KB3, two different values for D1 were used: 2 and 20 sec.. KB16 NMR spectra were acquired with 2 different pulse
sequences: SPE and spin-echo (see section 2.3 for details).
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X(®CO,) LRM

X(*CO,) LRM

X*cop) | T T
Sample | X(H,0)? NMR From F¢ From G* From F¢
IIIIIIII Correctedb Uncorrectedc Correctedb Uncorrected® © Corrected® | Uncorrected® : Corrected®

kB16 | 0T | 061420015 | 0.661+0.015 o 0656+0028 | 00 | 073520026 | O 0.716 0,040 oo
kB3 | O0% | 074620021 | 076920076 3T 0781£0068 . "0 | 07500080 ST 075140083 1%
KBS | 0% | 072020021 | 077840020 3T 079140025 0 | o7eaz0027 N0 077120020 1T
KBS | %% | 06250016 | 0.70640056 o e o |oer9xoos MO 06850057 %L
KB12 | DIP na. 093220005 | T 001020027 1 XL Joo1120014 1 P2 090320004 T
KBlo | 0% na. 06960003 | 202 06890025 X0 065520003 OO0 068420028 O3

Table 2: Calculated species molar fractions in the fluid phase. ® X(H,O) is derived from Dixon et al. (1995) relating total water content
in the melt to fluid phase composition. ®* X(CO,) values are corrected for water content in the fluid phase (see section 4.3 for details).
Error bars on the corrected values are based on error propagation from standard deviation. © Error on the uncorrected values is based
the standard deviation from the fluid inclusion analyses by LRM. ¢ X(CO,) is determined by LRM using both the calibration derived

from peak integrated area (from F) and the calibration from peak height (from G). For clarity, X(CO) corrected values are not

indicated but can be determined according to mass balance (Eg. (12)).
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Log f(O,) from *CO, LRM

Log f(O,) from *CO, LRM

Sample Log f(O,) from H,O™ )Iz?lggé(oozz))glr&rg Average :_OI'\g’I\f/I(OZ) from
From F From G From F From G
KB16 -9.58 -9.58 +0.02 -9.58 -9.60 -9.43 -9.51 -9.53 +0.08
KB3 -12.34 -9.69 -9.59 -9.53 -9.68 -9.68 -9.62 +0.07
KB5 -10.19 -9.67 -9.55 -9.48 -9.62 -9.58 -9.53 £0.07
KB8 -10.41 -9.72 -9.56 -9.48 -9.67 -9.65 -9.59 +0.09
KB12 -8.00 n.a. -7.82 -8.08 -8.07 -8.16 -8.03 £0.15
KB10 -9.80 n.a. -9.33 -9.36 -9.49 -9.38 -9.39 +0.07

Table 3: Recalculated X(CO,) from LRM fluid inclusions analyses: for **C and **C and from F and G calibration. The log f(O,) is also
represented and calculated using the MRK equation from Shi and Saxena (1992) from X(CO,) or the H,O™ in the glass.
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Appendix: Data for fluid inclusion analyses by LRM

Inc. (’::g') 200, (2v, / vi) 8CO, (2v / v1) co (2c 13¢)
height area height area height area

KB16-1 45 2000/ 617 8304 /3191 9711/ 1640 38701/ 9991 380 /3729 2368/ 11928
KB16-2 30 4941173 2434876 3011 /461 10102 / 2609 771636 3482283
KB16-3 60 3211/895 16681 /5553 ~ 18010/2987 80405 /19734 76714716 3036 / 20500
KB16-4 60 5840/1880  27824/9286 | 26603/5283  111450/30956 | 1126/8342  4910/30250
KB16-5 25 3303/1220  17560/6686 , 21786/3557 82007 /21057 804 / 4954 3290 / 19697
KB16-6 50 2376/ 864 12078/3913  14895/2409 53986 /13798 579 /3515 1811/13888
e 30 846 / 359 5609 / 1853 4075/ 750 22475/ 4736 193 /1186 810/ 5502
ggrln‘;\;\j 30 874/ 482 8848 / 2862 7036/ 1309 40830/ 9296 363/ 2491 1801 /10895
Koo 30 2579 /827 14109/4899 © 12762/2228 65275/ 15263 585 /3008 2550 / 17847
Kpie 30 5841/1242  22307/868L | 20246/3541 101534 /25335 886/ 6228 4153/ 28016
o 20 4690/1264  20009/8245  20107/3541 99656 / 24723 889 /6228 4383/ 27092
o 20 3873/1358  24108/8353 = 23701/4164  116390/27378 = 1047/7343  5774/32666
o 20 3938/1701  30040/10580 @ 27034/5129  138028/34957 © 1301/8901 5866 /38371
el 10 2779/ 838 15445 /5223 | 14666/ 2602 72677/ 17516 649 / 4460 3125/19383
e 10 334/ 9830 18139/7083 ~ 17051/3051 84461/21409 683 /5166 3601 /23133
poieT 10 3475/1010  18255/6120 | 16965/3064 84165/21513 745 / 5580 4104/ 24484
KB16-8 5

sc. 100 5 839 /293 5476 / 1907 4147766 21892 / 5267 166 / 1094 833 /5213
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KB16-8

10 sec. 10 1448 / 527
100 mW
KB16-8
20 sec. 20 2879 /1111
100 MW
KB16-8
30 sec. 30 4499 / 1530
100 MW
KB16-8 1
sec. 200 1 325/115
mwW
KB16-8 5
sec. 200 5 1524 / 423
mw
KB16-8
10 sec. 10 27531920
200 mW
KB16-8
15 sec. 15 4111/1313
200 MW
KB16-9 2893 / 887
KB16-10 1617/ 496
KB16-11 3843 /1196
KB16-12 1844/ 601
KB16-13 15 3252 /1102
KB16- 45 10357/ 3343
13ss
KB16-14 8 4813 /1450
KB16- 30 17351 / 4457
14ss
KB16-15 30 3080/ 932
KB16- 60 6238 / 2001
15ss
KB5-1 50 20381 /9380
KB5-2 30 15138/ 6935

8267 / 3650

16165 / 7252

26266 / 9243

23147532

9183/ 2411

16530/ 5211

24318/ 7817

15676 / 5982

9176 /3032

2174217079

10303 / 3567

16330/ 5535

53109/ 16842

26139/ 9596

99806 / 30701

14468 / 5223

29406 / 9996

89675 / 49633

61013 / 33456

8115/1493
16452 / 3041
24687 / 4332
1564 /290
777411300
15367 / 2760

22975/ 3983

15510/ 2628
8664 /1391
22470/ 3899
9852 /1771
19573/ 3252
n.a./ 10038
24841/ 4222
n.a./ 13680
16511 /2890
n.a. /5910
17197 13439

11477/ 2349
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41130/11264 309/2330
82428 /20909 691 /4686
123978 / 32197 1023 /7084
8502 /2219 69 /432
40089 / 8813 33472205
76943 / 19046 644 / 4490
115114 /27790 957 / 6842
73962 /17320 77514573
41958 /9842 363 /2553
107504 / 26953 892 /6202
49457 [ 12481 433/2879
79102 / 19426 723 /4656
n.a. /59270 2316/15074
126875 / 30349 1154 /7140
n.a./ 84575 427826384
71527/ 18637 510/ 4491
n.a./ 36205 1184 /9387
66211/ 23660 3721/2361
45827 /14129 182371273

1563 /10273

3441/20993

5079 /32735

540/ 2317

1609 /10295

3217/20672

4757 /30219

3488 /19829

1909 / 10644

4610/ 28046

2074713219

3094 /19192

9520/60723

4812 /31199

18999 /117853

2873 /16999

5156 / 35619

8240/ 4895



KB5-3 60 7140/ 3143
KB5-4 120 11696 / 4861
KB5-5 30 14895 / 6870
KB5-6 20 15680 / 7404
KB5-7 20 4808 / 2058
KB5-8 10 12904 / 5757
KB5-9 30 21474 /10703
KB5-10 20 19114 / 8688
KB5-11 20 20737 /10078
KB5-12 20 21085 /9911
KB5-13 45 6935 / 3095
KB5-14 30 15873 /7112
KB5-14ss 55 n.a. /12152
KB5-15 40 16469 /8118
KB5-15ss 60 n.a./ 11709
KB5-16 15 17684 / 8276
KB5-16ss 30 n.a./ 16250
KB3-1 30 20026 / 9082
KB3-2 10 8568 / 3840
KB3-3 10 16460 / 7709
KB3-4 25 20013/ 9536

32488 /16940

54535 / 30385

66007 / 37808

75261 / 43989

21714711372

61950 / 33836

98124 /53420

95341 /52339

94789 / 53850

97213 /57355

32177116982

73885/ 41747

n.a./ 69995

78466 / 43480

n.a./ 64825

78606 / 43887

n.a./ 86769

94507 / 51580

43688 / 24315

75647 [ 42242

96566 / 52409

5044 /1321
8894 /1910
11255 /2603
.......... o /2661
3618 /847
9463 /2077
16984 / 3728
14431/ 3205
15738 / 3546
14819 /3971
4833 /1026
11018 / 2586
19545/ 4511
12517 / 3098
17789/ 4161
12414/ 3012
24509 / 5940
14106 3432
6821 /1493
12611 /3123

15209 / 3550
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21944 | 8497 1268 /758
39238 /14574 1661 /899
48371/ 16763 187771273
55338 /19164 2630/1758
15800 / 5869 680 /461
42796 / 13649 200/13209
69393 / 21356 3512 /2286
69287 /21091 3382/2203
67404 / 21405 3614 /2339
67574 /27172 4350 / 2483
23994 / 6485 12761762
52585 / 18692 298371974
92717 1 29648 5203 /3391
55617 /19079 3301/1981
80669 / 26725 4662 / 2831
55854 / 18095 3831/2052
111925/ 35932 7629 / 4065
67376 / 22288 2549 /1647
34015/10834 871/558
56062 / 19355 2250/1422
69667 / 22384 5156 / 3160

5236/ 3300

7051 /3909

8711/5417

13037 /8118

3393/2369

9827 /5713

15071 9180

16178 /10203

16409 / 9316

20143712483

5297 /3388

14874/ 9226

25807 /14933

15006 / 8908

21971713013

16605 / 10001

11767/ 7001

3968 /2581

9805 / 6526

23982 /13963



96300 / 50440

KB3-5 25 14838 / 6828
KB3-6 20 12869 / 5934
KB3-7 20 19504 / 9080
KB3-8 40 14815/ 7097
KB8-1 60 7483/ 3548
KB8-2 60 5805 /2733
KB8-3 50 3677 /1787
KB8-4 50 12807 /6213
KB8-5 60 18015/ 8172
KB8-6 60 7660 / 3662
KB8-7 40 6369 /2871
KB8-8 60 20132 /9239
KB8-9 60 6889 /3129
KB8-10 60 26534 /11939
KB12-2 20 17317 /7867
KB12-1 60 2110/921
KB10-1 60 903 /417
KB10-2 60 322171544

74603 /41171

53975/ 31415

92797 /51610

72187 /38120

29530/ 16999

21706 / 11954

16324 /9127

58858 / 34200

75352 / 41880

29426 /16429

30958 / 16632

80807 / 44283

24038 / 13350

109853 / 61420

9773 /5399

3219/1737

11647 / 6866

11362 / 2544
10094 / 2372
15536 / 3558
11336/ 2792
5805 /1285
4530/ 985
2706/ 836
9232 /2288
12486 / 3099
5972 /1376
4327 /1085
13644 / 3411
5060/1113
19699/ 4377
90432083
966 / 253
.......... . /130

2117/ 450

53163 /16360 3459 /2146
40592 / 14206 3156 /2179
69666 / 22485 243211678
48577 /16549 5249 / 2822
20993/ 7106 1134/ 616
16249 / 4992 953 /517
11880 / 4582 1383/709
43541 /14633 3945/ 2212
55570 / 16644 5357 /3078
21705/ 6996 202171308
22210/ 7205 187871176
56685 / 18455 5654 / 3168
17111/ 5624 1698 / 1050
81000/ 27012 7598 / 4545
48671 /15382 1091/ 383
5020/ 1995 125/ 67
2318/686 260/139
7884 /2934 7741566

16308 / 10099

13832/ 8676

11669 /7643

21873712967

4524 / 2589

3610/1954

527213391

17201/ 10576

21472113047

8487 / 4984

8613 /5490

21286/ 13232

6439 /3724

29913/ 19077

906 /513

3336/1779
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