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Quantitative measurements of composition, pressure and density of micro-volumes of CO2-N2 gas mixtures by Raman spectroscopy

Quantitative analysis of gases by Raman spectroscopy is based on relative Raman scattering cross-sections (RRSCS) and the evolution of different spectral parameters (peak position, peak area, peak intensity, etc.). However, most of the calibration data were established at low pressure (low density) and without evaluating the effect of the composition. Using these data may lead to considerable errors, especially when applied to gas mixtures at high pressure as found in natural fluid inclusions. The aim of this study is to reevaluate the RRSCS of CO2 and to establish new calibration data based on the variation of CO2 Fermi diad splitting as a function of pressure (density) and composition over a pressure range of 5 to 600 bars at 22 and 32 °C. A high-pressure optical cell system (HPOC) and a heating-cooling stage were used for Raman in-situ analyses at controlled PTX conditions. Our experimental results show that the RRSCS of CO2 varies slightly with pressure but can be considered constant over the studied pressure range. It can be used to measure the proportion of CO2 in gas mixtures with an uncertainty of about ± 0.5 mol%. Different polynomial equations were provided to calculate pressure and density of CO2-N2 gas mixtures with an uncertainty of ± 20 bar or 0.01 g.cm -3 . A comparison of PVTX properties of natural CO2-N2 fluid inclusions hosted in quartz from the Central Alps (Switzerland) obtained by Raman measurement and as derived from phase transition temperatures by microthermometry experiments shows comparable values.

The exploration of the Raman effect by C.V Raman in 1928 provided a new way for non-destructive analyses of materials under different phase states (solid, liquid and gaseous) to get qualitative and quantitative information (after establishing calibration data). The sensitivity of Raman spectroscopy covers a wide concentration range, down to very low concentration, 1,2 even to sub-ppm levels 3,4 . Raman spectroscopy has been widely used for gas analysis in various domains of investigation such as monitoring of polluted air 5 or automobile exhaust gases, 1 fuel gas analysis, [6][7][8] diagnosis and monitoring of disease states by human breath analysis, 3,4,9 controlling and monitoring of fruit ripening, 10 analyzing of gas bubbles appearing as defects inside industrial glasses to optimize production process. 11 Other applications can also be found in the field of environmental gas sensing, e.g. monitoring of geological storage site of CO2, 12 investigation of biological and/or geochemical gas exchange and migration processes within the different compartment (groundwater, subsurface, surface, atmosphere). [13][14][15][16][17] All applications mentioned above relate exclusively to the analysis of immense and/or small volume of gas at relatively low pressure (< few dozen bars). The present study is dedicated to another case of extreme conditions: the analysis of gas mixtures in micro-volumes at relatively high pressure (up to 600 bar). The main application is the study of fluid inclusions naturally trapped in minerals.

Fluid inclusions (FIs) are small cavities in minerals containing a micro-volume of a geological fluid trapped during or after crystal growth. They are the most reliable relicts recording information about the conditions of crystal formation as well as of paleo-fluid circulations. A quantitative knowledge (composition, pressure, and density) of these fluids provides key information to better understand geological processes, to reconstruct the conditions of paleo-fluid circulations and thereafter for further application such as natural resources exploration. 18 CO2 and N2 are among the most common gases present in a large variety of geological fluids. 18,19 The observation of phase transitions during microthermometry experiments is currently the standard method to investigate fluid inclusion properties. However, some limitations appear when FIs are of small size (< 5 µm), of complex composition or of low density without any observable phase transitions. [20][21][22][23][24] Raman spectroscopy is a complementary method to microthermometry as it can offer fast (from a few seconds to a few minutes), high resolution (down to  1 µm 2 ) and simultaneous non-destructive, qualitative and quantitative analyses. [25][26][27] Several applications of Raman spectroscopy dedicated to the investigation of FIs have been carried out by different research teams since the 1970s (cf. reviews by Burke 25 and Frezzotti et al. 26 ). The determination of the composition, pressure, and density of gas mixtures using Raman spectroscopy requires the knowledge of the Raman scattering cross-section (RSCS) and the behavior of Raman spectral features (peak position, peak area/intensity ratio…) as a function of pressure, density, temperature, and composition. 25,26 RSCS is a specific parameter related to the probability of Raman scattering effect for each vibration. It can be used to determine the concentration of molecules. 28 Due to the difficulty of the determination of absolute values of RSCS, only that of N2 was carefully determined by different techniques. [29][30][31][32] Relative RSCS (RRSCS) values of common gaseous species found in fluid inclusions (CO2, CO, CH2, O2, H2S…) were then measured relatively to RSCS of N2 with an accuracy varying from 5 to 20 %. 25,32 However, all published data of RRSCS were determined at room temperature and 1 -5 atm whereas, according to Wopenka et Pasteris 28 and Seitz et al. 33,34 RRSCS may not just vary as a function of wavelength and temperature, 32 but also as a function of pressure and composition due to changes in molecular interaction. 35 Moreover, although many improvements in Raman instruments were made, the RRSCS data were never reevaluated since the 1970s.

The variations of the peak positions of Raman bands of N2 and CO2 as a function of pressure (or density) were also separately investigated, 20,21,24,[36][START_REF] Garrabos | Marsault-Herail[END_REF][38][39][40][41] showing the applicability for pressure and density monitoring. Indeed, the Fermi diad splitting (distance between the two main peaks) of CO2 was used to develop densimeters for pure CO2 or CO2-rich fluid inclusions. 20,21,24,[START_REF] Garrabos | Marsault-Herail[END_REF]39,40,42,43 Nevertheless, the variation of peak positions as well as of CO2 Fermi diad splitting are subject to changes as a function of pressure, density, temperature 39,40 but also composition. 33,34,40 The inappropriate use of calibration data obtained from pure gas for analyzing gas mixtures may, therefore, lead to an over/underestimation of density 40 or pressure. 41 Thus, the effect of composition, pressure, density, and temperature on Raman spectral features should be simultaneously taken into account upon any quantitative analysis. The experimental data of Seitz et al. 33,34 revealed the variation trends of different Raman spectral features of CO2 and N2 as a function of composition (when mixed with CH4) but the results were quite scattered due to the use of low spectral resolution ( 5 cm - 1 ). Consequently, no robust calibration with uncertainty analysis was given.

The present work aims (1) to reevaluate the dependence of RRSCS of CO2 on pressure and composition by using nowadays performance instruments and (2) to establish a new Raman calibration methodology for composition, pressure, and density measurement of any CO2-N2 gas mixtures. Data acquisition was done thanks to the combination of an improved HPOC system [START_REF] Chou | Advances in High-Pressure Technology for Geophysical Applications[END_REF][START_REF] Chou | [END_REF][46] and a heating-cooling stage to control the PT conditions during experiments and to collect numerous data points for statistical purposes. CO2-N2 gas mixtures of different compositions were analyzed by Raman spectroscopy at 22 °C (room temperature) and 32 °C (just above the critical point of pure CO2 in order to avoid any V-L phase transition for any CO2-N2 mixture composition) over the pressure range 5 -600 bar. The relationships between the variation of Raman spectral parameters with pressure (or density) and composition were evaluated to determine the most reliable quantification parameters. Finally, the composition, density, and pressure of natural FIs hosted in quartz from the Central Alps (Switzerland) 47 were obtained with these calibration data, and subsequently compared with microthermometry data.

MATERIALS AND METHODS

Gas mixture preparation. CO2-N2 binary mixtures of different compositions were prepared from high-purity commercial N2 and CO2 gases (99.99 % purity, Air Liquide TM ) at low pressure (< 10 bar) by a gas mixer (GasMix AlyTech TM ). They were subsequently compressed up to 120-150 bars using a home-made compressor system and stored in a stainless-steel reservoir. The composition of the prepared gas mixtures was controlled by gas chromatography (GC) to ensure there was no significant modification during the compression step. The GC was calibrated by measuring several times a commercial CO2-N2 gas mixture (Air Liquide TM ), yielding a standard deviation of about 0.4 mol%. The final composition of the prepared gas mixtures was the average of three GC measurements with a standard uncertainty  0.4 √3  0.3 mol% (1). The compositions of the CO2-N2 gas mixtures used in this study were 10.5, 30.1, 50.3, 60.9, 70.5, 80.1, and 88.6 mol% CO2.

Pressurization system. The reservoir containing the gas mixture was connected to an improved HPOC system, which consists of several valves, stainless steel microtubes and a pump (Figure 1). [START_REF] Chou | Advances in High-Pressure Technology for Geophysical Applications[END_REF][START_REF] Chou | [END_REF][46] One end of the HPOC system was equipped with a manual screw pressure generator. The other end was coupled with a fused silica capillary (FSC) of 200 µm of internal diameter sealed at one end by a hydrogen flame. 46,48 Two pressure transducers were set on the fixed part and on the movable part of the HPOC system to monitor pressure (± 1 bar) inside the whole system. The FSC was set on a customized heating-cooling stage (Linkam CAP500) previously calibrated by measuring the triple point of distilled water (0.0 °C) and of a pure CO2 standard sample (-56.6 °C) to maintain the temperature at 22.0 and 32.0 ± 0.1 °C. The system was evacuated for a minimum of 30 minutes to remove any other gases before loading the investigated gas mixture. Thereby, the gas mixtures were analyzed by Raman spectroscopy through the microcapillary at controlled PT conditions.

Figure 1: Sketch of the HPOC system coupled with a transparent fused silica capillary (FSC) set on a Linkam CAP500 heating-cooling stage. The system consists of a fixed part composed of a manual pressure generator, a pressure transducer (PT1), valves, microtubes, and a pump to purge the system. The movable part connects the system with the heating-cooling stage. It is also equipped with valves and another pressure transducer (PT2).

Raman spectroscopy. Raman measurements were performed using a LabRAM HR spectrometer (Horiba Jobin-Yvon®) equipped with an 1800 groovemm -1 grating with an aperture of confocal hole and slit set at 1000 µm and 200 µm, respectively, giving a spectral resolution of about 1.67 cm -1 (fitted FWHM of Neon peak at 2348 cm -1 ). The excitation radiation was provided by an Ar + laser (Stabilite 2017, Spectra-Physics) at 514.53 nm with a power of 200 mW, focused on the FSC by a 20 X objective (Olympus, NA = 0.4). Each measurement was repeated six times successively at the same PTX conditions for statistical purposes. A spectrum was recorded before loading any gas mixture into the microcapillary to measure the contribution of atmospheric N2 for peak area correction. 35 The same configuration (excitation wavelength, hole, slit, grating) was used for Raman analyses of natural FIs, except the use of a 50 X objective (Olympus, NA = 0.5). To minimize the error due to the subtraction of the N2 peak area, the intensity of the N2 band within FI should be 3 or 4 times higher than that of ambient N2. Thus, the acquisition time ranged from 5 to 30 seconds per accumulation (with 10 accumulations per measurement) depending on the density, size, shape, and depth of FIs. The Raman spectrum of N2 characterized by a peak at  2331 cm -1 was simultaneously recorded with Ne peak at  2348 cm -1 (Figure 2a) for wavelength calibration. [START_REF] Mccreery | Spectroscopy for Chemical Analysis[END_REF] As the N2 band is not symmetrical (due to the asymmetric distribution of J = 0 transition in the Q-branch [START_REF] Bendtsen | [END_REF] ), the spectra of N2 were fitted by an asymmetrical Gaussian-Lorentzian function using the peak fitting tool of LabSpecs 6 software (Horiba) after baseline subtraction. The peak position of N2 was then corrected by that of Ne using Equation 1, where  𝑁 2 and  𝑁𝑒 are the fitted peak positions of N2 and Ne, respectively, and 2348.4318 cm -1 the reference peak position of Ne cited from NIST webbook. 51

 𝑁 2 (𝑐𝑜𝑟) =  𝑁 2 + (2348.4318 - 𝑁𝑒 )
Eq.1

CO2 has four vibrational modes: symmetrical stretching (1), asymmetrical stretching (3) and a doubly degenerated bending mode (2a and 2b). Only the 1 mode ( 1333 cm -1 ) is Ramanactive. However, the experimental spectrum of CO2 presents two strong bands because of Fermi resonance 52 taking place between the excited vibrational states 1 and the first overtone of 2 (2𝜈 2 = 2 × 667 = 1334 cm -1 ). As these two excited states have nearly the same energy level, they perturb each other and cause a division into two peaks at higher (1388 cm -1 ) and lower (1285 cm -1 ) wavenumbers. This phenomenon is known as the Fermi diad splitting, resulting in two bands denoted  + and  -, respectively. Moreover, the spectrum of CO2 has also two lowintensity bands at 1409 cm -1 and 1265 cm -1 , known as hot bands. Another weak band at 1370 cm -1 corresponds to the signal of 13 CO2 (Figure 2b). Extended interpretation of spectral features of CO2 can be found in literature. [START_REF] Placzek | Rayleigh-Streuung und Raman-Effekt[END_REF] Raman spectra of CO2 were fitted by symmetric Gaussian-Lorentzian function using LabSpec 6 (Horiba) after baseline subtraction. Final values of spectral parameters were the mean of 6 measurements, yielding an uncertainty of about  0.4 % (1) for peak area values, about  0.01 cm -1 (1) for peak position and  0.015 cm -1 for CO2 Fermi diad splitting (1) (see Supporting Information for detailed uncertainty calculations).

The Raman spectra of CO2 and N2 were recorded in two different spectral ranges (1100 to 1580 cm -1 and 2100 to 2525 cm -1 , respectively) with different instrumental efficiency of the spectrometer. 27 All the Raman spectra were thus corrected using an ICS function (Intensity Correction System) integrated into LabSpec 6 software to normalized instrument response with wavelength. The calibration was done using a white lamp of known emission (Raman Calibration Accessory, Kaiser Optical Systems, Inc.). 27 As a result, the instrumental efficiencies at the wavelength of CO2 and N2 peaks ( 𝐶𝑂 2 and  𝑁 2 ) can be considered identical.

Microthermometry. Microthermometry is a standard method to determine PVTX proprieties of natural FIs. It is based on the determination of phase transition temperatures of geological fluid trapped within inclusions. In the present work, microthermometry measurements of natural FIs were made using a THMSG600 heating-cooling stage coupled with an Olympus BX50 microscope. The stage was calibrated at ± 0.1 °C using standard inclusions against the melting point of pure CO2 (-56.6 °C) and of pure H2O (0.0 °C). Herein, the melting temperature Tm(car) and the homogenization temperature Th(car) of the volatile carbonic phase containing the CO2-N2 mixtures trapped within FIs were measured. These phase transition temperatures were then used to determine the composition and density of FIs using the VX diagram of Thiéry et al. 54 GERG-2004 equation of state (EoS) is used to calculate (i) the pressure within natural FIs at a given temperature from density-composition properties derived from microthermometry results and (ii) the density of gas mixtures during Raman measurements (for a given composition, pressure and temperature). The GERG-2004 EoS is known as the most accurate available EoS at the P and T conditions of interest. Concerning the CO2-N2 gas mixtures, the EoS is fitted from 823 experimental data points, covers the entire composition range (from 1 to 98 mol% in CO2) and large pressure and temperature ranges (1 to 2740 bars and -63 to 400 °C). The uncertainties in density are shown to be less than 0.1 % when pressure < 350 bars or less than 0.5 % when pressure < 700 bars in the vapor region, about 0.1 -0.5 % in the liquid region and less than 3 % in the two-phase region. This model is integrated into REFPROP software. [START_REF] Lemmon | Standard Reference Data Program[END_REF] Natural fluid inclusions. A prismatic quartz crystal (Mu 147.2) found in late Alpine tension gashes from the Central Alps (Switzerland) 47 was used for its CO2-N2 natural fluid inclusions. At room temperature, the 2 to 30 µm large FIs are either monophasic (liquid CO2+N2) or biphasic (liquid H2O + vapor CO2-N2) (Figure 3). 15 FIs from 4 different zones were selected to be analyzed by Raman spectroscopy and microthermometry for comparison. 

RESULTS AND DISCUSSION

Mixture composition: Evaluation of the RRSCS of CO2. The RRSCS of the two main bands of CO2 ( 𝐶𝑂 2 ) were calculated at different composition and pressure conditions with the use of Equation 2, 28 where 𝐴 𝐶𝑂 2 is the peak area of  + or  -band, 𝐴 𝑁 2 is the peak area of the N2 band, 𝐶 𝐶𝑂 2 and 𝐶 𝑁 2 are the concentration (mol%) of CO2 and N2, respectively.

Figure 4a shows the variation of the RRSCS of the upper band (  + ) and the lower band (  -) as a function of pressure and composition. Both RRSCS are somewhat perturbed at low pressure (<  80 bars), probably due to a significant change of molecular interaction effect. 33,34 Above  80 bars,   + increases slightly whereas   -decreases slightly with increasing pressure. Indeed, from 5 to 600 bars, the RRSCS value only increases by 0.05 (  + ) or decrease by 0.1 (  -), resulting in a difference of only  0.2 mol% CO2. Figure 4b shows the evolution of the sum of the two RRSCS of CO2 (  + +   -) as a function of pressure and composition. A slight perturbation was also observed at a low pressure-range. Above 80 bars, it remains nearly constant up to 600 bars for every composition.

σ CO 2 = 𝐴 𝐶𝑂 2  𝐶 𝑁 2 𝐴 𝑁 2  𝐶 𝐶𝑂2
Eq. 2 A small shift with composition is observed but without a clear correlation (Figure 4a and4b). The shifts are quite small, which is probably due to the small error on the measured composition of gas mixtures and to the sensitivity of the Raman spectrometer. Indeed, each gas mixture was analyzed on a different day, and there is always a fluctuation in the instrumental efficiency from day to day (known as instrumental and random errors).

Table 1: RRSCS of the two bands of CO2 ( + and  -) and their sum. Values in literature were obtained at low pressure (1-5 atm) and room temperature. Our data are obtained in the pressure range 5 -600 bar at 32 °C.

This study

Ref. 29 Ref. 30 Ref. Dubessy et al. 35 stated that the sum of two RRSCS of CO2 should always be preferred for the determination of gas mixture composition because it is constant with pressure. However, Seitz et al. 34 showed in figure 5 that it was advantageous to use   + only rather than the sum of the two for determining the composition of gas mixtures. According to our statistical analyses, the small variations of   + and   -with pressure are negligible. We can, therefore, conclude that   + ,   -and their sum are all almost constant for every gas mixture concentration over the studied pressure range and can be therefore be used to determine the composition of the gas mixture. However, the small variations of   + and   -may become significant at very high pressure. The sum of the two RRSCS of CO2 should, therefore, be used in preference to avoid any effect of pressure. The averaged values calculated from the experimental data (a population of 160 data points) are 1.40 ± 0.03, 0.89 ± 0.02 and 2.29 ± 0.04, for  + ,  -and the sum  + +  -, respectively (uncertainties at 1σ). The values are in agreement with the data from literature but are given with better accuracy (Table 1).

Effect of composition, pressure, and density on Raman spectral features of N2 and CO2

a. Variation of the N2 peak position at 32 °C The downshift of the N2 band as a function of pressure and composition is shown in Figure 2a and Figure 5. The uncertainty of the corrected peak position of N2 (± 0.01 cm -1 ) is too small to be shown in Figure 5. At low pressure, the N2 peak position seems to converge to the same value ( 2330 -2330.5 cm -1 ) for all gas compositions that is in agreement with Lamadrid et al. 43 A drastic downshift is reported from 5 to 200 bars, especially for the gas mixtures dominated by CO2. Above 200 bars, it becomes less sensitive to pressure, even becoming nearly constant for gas mixtures dominated by CO2. This stepwise behavior can be explained by the variation of the density of the gas mixtures. For example, the density of the mixture at 11.4 mol% N2 increases drastically from 5 to 200 bar then reaches a plateau until 600 bar (cf. Figure S1). Figure 5 shows that the peak positions of N2 also vary with the composition of gas mixtures. In general, the presence of CO2 causes a greater downshift of the N2 peak position than that of pure N2 at the same pressure. For instance, a downshift of about 2 cm -1 is observed for pure N2 at 600 bars, whereas it is about 3.4 cm -1 for a gas mixture of 11.4 mol% N2. Besides, some curves relative to samples at different N2 concentrations are superimposed or overlap each other (100 and 89.5 mol% N2 or 29.5, 39.9 and 69.9 mol% N2), indicating that the variation of the peak position of N2 as a function of composition is not significant enough to be distinguished for some composition-pressure ranges. Moreover, for unknown reasons, the 89.5% N2 curve shows an abnormal behavior whereas the corresponding associated curve of the Fermi diad splitting of CO2 (the curve of 10.5 mol% CO2 in Figure 6) evolves as expected. The modest reproducibility of the N2 peak position despite wavelength calibration by Ne may be linked to small dayto-day variation in the shape and the position of the neon band because of variations in the positioning of the neon lamp in the optical path of the Raman spectrometer. Thus, a higher-accurate method to wavelength correction is required to use the N2 peak position as a reliable quantitative parameter. After all, we can only conclude here the global variation trend of the N2 peak position with a significant effect of the composition and pressure.

b. Variation of the CO2 Fermi diad splitting at 32 °C Figure 2b shows typical Raman spectra of CO2 and the downshift of CO2 peaks with increasing pressure. The two bands of CO2 were investigated by measuring the distance between them (Fermi diad splitting), so there was no need for absolute wavelength calibration of the spectrometer. Uncertainties of Fermi diad splitting (± 0.015 cm -1 at 1) and of pressure (± 1 bar) are smaller than the data dot size.

Figure 6 represents the variation of the Fermi diad splitting of CO2 at 32 °C as a function of pressure and composition of the CO2-N2 gas mixture. At low pressure, the Fermi diad splitting value is nearly identical ( 102.762 cm -1 ) for any composition. At higher pressure, an effect of the gas mixture composition is clearly observed. In general, the presence of N2 reduces the magnitude of the variation of the Fermi diad splitting. For example, at 600 bars, the Fermi diad splitting shifts down from 105.348 cm -1 (for pure CO2) to 103.093 cm -1 (for the gas mixture at 10.5 mol% CO2). This trend is relatively similar to that observed for CO2 mixed with CH4. 34 The repeatability and the reproducibility of the relationship between Fermi diad splitting, pressure, and composition of the gas mixture are much better than the peak position of N2 (Figure 5). The Fermi diad splitting of CO2 can thus be used as an accurate parameter to determine the pressure of CO2-N2 gas mixtures.

The Fermi diad splitting of CO2 can also be used for the determination of the density of CO2-N2 gas mixtures. For this, the density of every gas mixtures at given PT conditions presented in Figure 6 was calculated by the GERG-2004 EoS. The resulting relationship between Fermi diad splitting of CO2, density, and composition of gas mixtures (at 32 °C) is presented in Figure 7. The Fermi diad splitting increases with the density of the gas mixture and the content of CO2. Note that the shape of the curve with 99.8% CO2 is relatively irregular between 103.7 and 104.3 cm -1 (0.3 -0.7 gcm -3 ). This is likely due to the proximity with the critical temperature of CO2 (31.05 °C) where a small temperature fluctuation may result in a significant variation of density.

Figure 7: Evolution of the Fermi diad splitting of CO2 as a function of composition and density of CO2-N2 gas mixtures at 32 °C. The density was calculated at given temperature, pressure, and composition by the GERG-2004 EoS. Uncertainty on density is smaller than data dot size.

Overall, the data of the present study are in good agreement with recently published densimeters of pure CO2. 39,40 It also agrees well with the previous investigations regarding the Fermi resonance of CO2: (i) with increasing pressure, the Fermi resonance interaction reduces through a decrease of the anharmonic coupling constant (k122), resulting in an increase of the separation between the unperturbed levels (1 and 22) as well as the Fermi diad splitting, [START_REF] Hacura | [END_REF][57][58] and (ii) while increasing the content of N2, the reduction of the Fermi resonance becomes smaller (so the Fermi diad splitting still increases but with a smaller magnitude) in comparison with that of pure CO2 in the same conditions. 57 c. Effect of temperature on the Fermi diad splitting of CO2 The effect of temperature on the variation of CO2 Fermi diad splitting of CO2-N2 gas mixtures was also analyzed conducting experiments at 22 °C. At this temperature, a V-L phase transition is observed for any gas mixture containing >  92 mol% CO2 (Figure 8a). The results are compared with those obtained at 32 °C in Figure 8b and Figure 8c. In general, the magnitude of the variation of the CO2 Fermi diad splitting at 32 °C is smaller than that at 22 °C at the same pressure (Figure 8b) but identical at the same density (Figure 8c). A large gap appears at 60 bars on the curve of pure CO2 at 22°C (< Tc = 31.05 °C) due to the vapor-liquid phase transition. Indeed, at this condition (22 °C and 60 bars), CO2 is in the two-phase LV domain (Figure 8a), and thus both liquid and vapor phases coexist in the microcapillary. Pressure remains constant at 60 bars until the vapor phase is completely converted to liquid. As a result, no data point can be recorded within the density range  0.2 gcm -3 (vapor state) to  0.7 gcm -3 (liquid state). At 32 °C, there is no phase transition (supercritical state) for any CO2-N2 gas mixture (Figure 8a) and data points can be collected over the entire density range. Therefore, only the data acquired at 32 °C were fitted to provide calibration equations. These equations must be used at 32 °C only for pressure determination but can be used (at least) in the range 22 -32 °C for density determination of any gas composition above the critical temperature (Figure 8b and Figure 8c). Fermi diad splitting / cm -1 50% 70% 100% d. Calibration equations to determine the pressure and density of CO2-N2 gas mixtures According to the whole data set shown in Figure 5, Figure 6 and Figure 7, the Fermi diad splitting of CO2 appears as the most reliable quantitative parameter for determining pressure and density of CO2-N2 gas mixtures. Data obtained at 32 °C were fitted to provide calibration equations. In order to minimize uncertainties on the calculated pressure and density, the calibration data were fitted separately for five smaller pressurecomposition (PX) domains (Figure 9). Regions Third-order polynomial equations linking pressure or density to the CO2 Fermi diad splitting and the composition of gas mixtures were computed for each PX domain. The general form of the calibration polynomial is given in Equation 3, where 𝐶 𝐶𝑂2 and  are defined by Equations 4 and 5, respectively. Fitting by a higher-order polynomial does not lead to substantial improvements in the qualitative of measurement. The coefficients (𝑝 𝑖𝑗 , 𝑎, 𝑏, 𝑠𝑡𝑑_𝑎, 𝑠𝑡𝑑_𝑏, with (𝑖 + 𝑗) ≤ 3) of each calibration equations are listed in Table S2 (pressure) and Table S3 (density) in Supporting Information. Two main error sources contribute to the final uncertainty of the calculated pressure and density. The first source is directly associated with the uncertainty of the Fermi diad splitting (± 0.015 cm -1 ) and of the measured composition of the gas mixture (calculated from RRSCS and peak areas with Equation 2). As the regression calibration equations are not linear, the uncertainty of the first error source is not constant but varies with the composition of the gas mixture and the CO2 Fermi diad splitting. The second error source is related to how well the bestfitted calibration equations reproduce the pressure and the density from a given CO2 Fermi diad splitting and gas mixture composition. The uncertainty of each calibration equation was derived from its prediction bounds (at 1) and reported in the last row of Tables S2 andS3. The ultimate uncertainty on measured pressure or density will be the sum of these two error sources, as reported by Fall et al. 39 and Wang et al. 40 for pure CO2.

Investigation of CO2-N2 natural fluid inclusions. The calibrations described above were applied to 15 natural CO2-N2 fluid inclusions trapped within a quartz sample from the Central Alps (Switzerland). Composition, pressure, and density were compared with those derived from microthermometry.

Each FI was analyzed three times by microthermometry to determine the melting temperature Tm(car) and the homogenization temperature of the volatile phase Th(car) (Table S1). These phase transition temperatures were subsequently reported in the VX diagram of Thiéry et al. 54 to calculate the composition and molar volume (density) of the fluid inclusion. As the uncertainties arising from this VX diagram are unknown, only the uncertainty of ± 0.1 °C of the heating-cooling stage to Tm(car) and Th(car) is considered. This uncertainty of ± 0.1 °C can cause either significant or insignificant error depending on the region in the VX diagram. For example, the slopes of the Th(car) lines are less steep in the vapor field than in the liquid field (Figure 8b in 54 ). In this domain, an uncertainty of ± 0.1 °C in Tm(car) can result in a variation of up to 5 mol% in composition and up to 0.09 gcm -3 in density. The second source of error may be an error in graphical reading. Detailed microthermometry results of each FI were reported in Supporting Information (Table S1).

The selected FIs were also analyzed three times by Raman spectroscopy. The averaged values of the peak position and peak area of CO2 and N2 bands were used to calculate composition, pressure, and density through Equations 2 to 5. The composition of the FIs was calculated by the RRSCS of the two CO2 bands and their sum for comparison. The difference between these three values is always less than 1 mol% CO2. Detailed measurements of each FI are presented in Table S4 of Supporting Information. Figure 10 presents a comparison between Raman and microthermometry results. The uncertainty of Raman measurements on composition (< 0.5 mol% CO2) and density (< 0.01 gcm -3 ) is slightly better than that derived from microthermometry measurements (ranging from 1 to 2.2 mol% for composition, and from 0.01 to 0.04 gcm -3 for density). Uncertainty on measured pressure at 32 °C from microthermometry (varying from 2 to 11 bars, Figure 10c) is equivalent to that from Raman ( 15 bars when pressure > 150 bars, and  3 bars when pressure < 150 bars).

Overall, the results derived from the two methods are close and comparable with a relative difference varying from 0.1 -7 % coming from the error sources mentioned above, but also from the unknown error of the thermodynamic models of Soave-Redlich-Kong (1972) and Lee-Kesler (1975) used for the construction of the VX diagram of Thiéry et al. (1994). 54 According to Mullis et al. 47 , the trapping temperature of the geological fluid where Mu 147.2 sample was collected was about 400 °C. Thereby, the trapping pressure (the pressure at trapping temperature) of the geological fluid determined using GERG-2004 EoS is about 1610 ± 20 bar (calculated from Raman results) or 1770 ± 20 bars (calculated from microthermometry results). The difference of density leads to a difference of only 160 bars (9 %) which is of no consequence on geological interpretation.

Raman spectroscopy may be more efficient than microthermometry in some cases. For example, FI4.8 is too small (< 2 µm, Figure 3a) to observe any phase transition with good accuracy. Concerning FI3.5, Th(car) could not be determined precisely because the vapor bubble was located in the dark part of the inclusion at a temperature close to homogenization (Figure 3b). Similarly, FI2.2 could not be analyzed by microthermometry because of bad optical conditions (color, contrast, etc.). These three FIs could, however, be analyzed by Raman spectroscopy. Another disadvantage of microthermometry method (using VX diagram of Ref. 54 ) appears when clathrate is formed and remains above Th(car), meaning that a part of CO2 is still trapped inside the clathrate structure, and thus could lead to an underestimation of the CO2 quantity while using only Th(car). 59,60 The latter problem is not encountered by Raman spectroscopy at 22 and 32 °C.

CONCLUSION

The use of an improved HPOC system consisting of an FSC coupled with a heating-cooling stage and a Raman spectrometer makes it possible to investigate the behavior of CO2-N2 mixtures at controlled pressure and temperature conditions. The experiments can be easily repeated several times for statistical purposes as well as repeatability and reproducibility test. A complete calibration of the Raman signals of CO2-N2 mixtures was thus performed for the first time. The Fermi diad splitting of CO2 was linked to pressure or density for any CO2-N2 gas mixture in the range 22 -32 °C. It was also demonstrated that the RRSCS of CO2 does not depend on composition but slightly on pressure or density. However, this effect is negligible in the studied pressure range (< 600 bar). Thus accurate RRSCS values of the two vibration modes of CO2 and their sum can be either used to determine the composition of CO2-N2 gas mixtures with an uncertainty of about  0.5 mol%. The pressure and the density of CO2-N2 binary gas mixtures can be henceforth calculated by using regression calibration equations that were validated by successful application to natural fluid inclusions from the Central Alps, Switzerland. A detailed comparison was made indicating that Raman spectroscopy is a powerful alternative tool to the microthermometry, providing not only PVX information with comparable accuracy (even better in some cases) but also handling cases for which microthermometry cannot be applied. This study shows the applicability of Raman spectroscopy for gas analysis purposes at extreme conditions (very small object at high pressure) and can be easily extended to any gas mixture.

Figure 2 :

 2 Figure 2: Evolution of (a) N2 and (b) CO2 Raman spectra with pressure. Both gases show a downshift with increasing pressure. The signal of neon (Ne) was simultaneously recorded with N2 spectra for wavenumber calibration.

Figure 3 :

 3 Figure 3: Examples of selected FIs of sample Mu 147.2 (transmitted plane-polarized light at room temperature): (a), (b) and (c) monophasic FIs from zones 4, 3 and 2 containing a CO2-N2 liquid phase; (d) two-phase FI containing H2O (liquid) and a bubble of CO2-N2 vapor.

Figure 4 :

 4 Figure 4: Variation as a function of pressure and composition of (a) the RRSCS of the two bands of CO2 (+ at 1388 cm -1 and at 1285 cm -1 ) and (b) their sum (+ + -).

Figure 5 :

 5 Figure 5: Variation of the fitted peak position of N2 (corrected from Ne peak position) at 32 °C as a function of pressure and composition (mol% N2) of gas mixtures.

Figure 6 :

 6 Figure 6: Evolution of the Fermi diad splitting as a function of composition and pressure of different CO2-N2 gas mixtures at 32 °C. Uncertainties of Fermi diad splitting (± 0.015 cm -1 at 1) and of pressure (± 1 bar) are smaller than the data dot size.

Figure 8 :

 8 Figure 8: (a) Phase diagrams of CO2-N2 gas mixtures exported from data calculated by REFPROP. L: liquid-phase domain; V: vaporphase domain and LV: biphasic liquid-vapor domain. Only critical isochores are drawn for each mixture. (b) and (c) Comparison between the evolution of Fermi diad splitting of pure CO2 and CO2-N2 mixtures (50 and 70 mol% CO2) as a function of pressure and density at 22 and 32 °C.

  (a) and (b) cover the pressure range 5 to 600 bars and the composition range 50 -100 mol% CO2 and 10 -50 mol% CO2, respectively. Regions (c), (d) and (e) cover only the low-pressure range (5 -150 bars) and the composition range 90 -100 mol% CO2, 30 -90 mol% CO2 and 10 -30 mol% CO2, respectively.

Figure 9 :

 9 Figure 9: Pressure-composition (PX) domains for application of polynomial equations a, b, c, d, and e. Experimental data were fitted within each PX domain to provide the best-fitting polynomial equation to minimize uncertainties on the calculated pressure and density.

  𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (𝑜𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦) = ∑ ∑ 𝑝 𝑖𝑗 𝐶 𝐶𝑂 2

Figure 10 :

 10 Figure 10: Comparison after analysis of the volatile phase of selected FIs by Raman and microthermometry of the (a) composition, (b) density, and (c) pressure at 32 °C.
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