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Carbon dioxide emissions from volcanoes are important parameters to constrain in 29 order to fully understand the Earth system, especially the effect of volcanic forcing on 30 climate. The characterization of carbon concentration in magmas has been used to constrain 31 volcanic fluxes. Because of low CO 2 solubility in silicate melts, however, CO 2 is 32 significantly degassed from magmas due to decompression during transfer to the surface. 33

The measurement of the carbon stable isotope ratio ( 13 C/ 12 C expressed as δ 13 C-values) in natural submarine glasses has been a helpful geochemical tool to study magma degassing. 35

Carbon stable isotope fractionation at magmatic temperature between CO 2 in vesicles and 36 carbonate ions dissolved in the melt is still large enough to cause variations in δ 13 C-values. 37

This variability can be used to deduce the mode of degassing (open vs. closed system, 38 equilibrium vs. kinetic) operating in a given magmatic system. 39

In this study, I present a review of the existing carbon isotope data for magmas of 40 three different settings (ridge, hotspot and arc). This review allows to (1) investigate the 41 diversity of degassing modes operating within a given setting and (2) compare the prevailing 42 degassing mode between these three settings. 43

Except for rare undersaturated samples and for volatile-rich, vesicular popping rocks, 44

Mid-Ocean Ridge Basalts (MORBs) are predominantly extensively degassed and 45 supersaturated in CO 2 reflecting incomplete degassing during their last degassing step. Such 46 a behavior is also reflected in their vesicle-dissolved carbon isotopic fractionations that are 47 generally smaller than equilibrium values stemming from kinetic/diffusive effects. By 48 contrast, the CO 2 +H 2 O gas phase in hotspot and arc magmas is predominantly in chemical 49 equilibrium with the melt because of volatile-rich initial conditions (and thus larger 50 vesicularity) enhancing vapor-melt chemical and isotopic equilibrium. This larger initial 51 volatile content is responsible for the extensive open-system (Rayleigh distillation) 52 degassing generally observed in hotspot and arc magmas. 53

This review highlights the fact that one single degassing model cannot explain the 54 geochemical evolution of all magmas. Also, no single model can be assigned to one specific 55 type of magma (i.e., a significant diversity of degassing mode exists within a given type of 56 magma, notably in MORBs). It is important to take into account these observations when 57 degassing corrections are applied on the basis of noble gas (He/Ne or He/Ar) ratios. It 58 appears helpful to characterize the carbon concentration and stable isotope ratios in vesicles 59 and dissolved in the glass in order to (1) identify the mode of degassing operating in a given 60 magmatic system and (2) apply the most appropriate degassing correction to these magmas. 61

It is only after this critical correcting step has been achieved that an assessment of initial 62 magmatic CO 2 contents can be reasonably undertaken. 63 64

Introduction 68 69

Carbon is a weakly abundant element in the silicate Earth (120 ppm C, McDonough 70 and Sun, 1995) and in the bulk Earth (up to 370-740 ppmC, [START_REF] Fischer | The carbon 1802 content of Earth and its core[END_REF]). Yet, it is 71 present in all major reservoirs of the Earth and it is involved in all major biogeochemical 72 cycles [START_REF] Des Marais | Isotopic evolution of the biogeochemical carbon cycle during the 1755 Precambrian[END_REF]. It is therefore essential to the evolution of the planet, to the 73 emergence of life, and to sustaining a habitable planet. Most of the carbon present in the 74 Earth's early atmosphere is now sequestered as sedimentary carbonates and to a lesser extent 75 as organic carbon. This explains the limited greenhouse effect on Earth as compared to 76

Venus (e.g. [START_REF] Lécuyer | Comparison of carbon, nitrogen and water budgets 1985 on Venus and the Earth[END_REF]. While it is present in trace amounts in the atmosphere, 77 CO 2 is essential to the thermal budget of the atmosphere and to biological cycles. For 78 example, the fluxes of atmospheric CO 2 uptake by photoautotroph organisms and release by 79 respiration are large (~9000.10 12 mol/yr) and occur on short timescales (<1 year, Des 80 Marais, 2001). Dissolution of CO 2 in waters plays a major role in the weathering of silicates 81 [START_REF] Berner | Atmospheric carbon dioxide levels over Phanerozoic time[END_REF] and in controlling marine pH (IPCC, 2013). 82

Although surface carbon is exchanged at a much slower rate (10 12 mol/yr) with the 83 mantle, the deep carbon cycle dominates the bulk Earth carbon budget [START_REF] Javoy | Carbon geodynamic cycle[END_REF]84 Des Marais, 2001;[START_REF] Dasgupta | The deep carbon cycle and melting in Earth's 1733 interior[END_REF]. The mantle and the core are likely the 85 main reservoirs for carbon [START_REF] Javoy | Carbon geodynamic cycle[END_REF][START_REF] Fischer | The carbon 1802 content of Earth and its core[END_REF]. Carbon in the mantle 86 affects melting temperature [START_REF] Dasgupta | Melting in the Earth's deep upper mantle caused by 1730 carbon dioxide[END_REF], oxygen fugacity (Blundy et 87 al., 1991) and is a pervasive metasomatic agent [START_REF] Hauri | Evidence for hotspot-related 1849 carbonatite metasomatism in the oceanic upper mantle[END_REF]. Volcanic forcing has an 88 effect on climate (IPCC, 2013;[START_REF] Brune | Potential links between continental rifting, 1684 CO 2 degassing and climate change through time[END_REF]. In summary, it is crucial to have an 89 accurate estimation of the carbon content in the mantle and establish the exchange fluxes of 90 carbon between the mantle and the surface. 91

Mantle carbon degassing mainly occurs at ridge, hotspot and arc volcanoes (Kerrick, 92 2001) and is returned to the mantle at subduction zones [START_REF] Plank | Subducting carbon[END_REF]. 93 However, the carbon flux at ridges has been hotly debated [START_REF] Javoy | Carbon geodynamic cycle[END_REF]Walker, 1982;94 Javoy et al., 1983;[START_REF] Des Marais | Carbon and its isotopes in mid-oceanic basaltic glasses[END_REF][START_REF] Des Marais | Carbon exchange between the mantle and the crust, and its effect 1747 upon the atmosphere: today compared to Archean time[END_REF]Marty and Jambon, 95 1987;Gerlach, 1989b;Javoy and Pineau, 1991;[START_REF] Holloway | Graphite-melt equilibria duing mantle melting: constraints on CO 2 in 1886 MORB magmas and the carbon content of the mantle[END_REF]Marty and Tolstikhin, 96 1998;[START_REF] Cartigny | Volatile (C, N, Ar) variability in MORB and the respective roles of mantle source heterogeneity and degassing: the case of the Southwest Indian Ridge[END_REF]Cartigny et al., , 2008;;Saal, 2002;[START_REF] Dasgupta | The deep carbon cycle and melting in Earth's 1733 interior[END_REF]. In light of 97 its low solubility, the reason for such disagreement is that CO 2 is strongly degassed from 98 magmas, and hence, the measured carbon content is only a residue of the original content. 99

Indirect methods (C/ 3 He ratios, carbon stable isotope ratios, CO 2 /Nb ratios) have been used 100 to infer the initial magma carbon content. Nevertheless, these proxies are fractionated during 101 degassing processes and a correction must be applied which results in large concentration 102 and flux uncertainties. It follows that applying the appropriate degassing correction relies on 103 a good knowledge of degassing mechanisms. Despite much work on the subject, these 104 degassing processes are still poorly understood. 105

The carbon stable isotope ratio ( 13 C/ 12 C conventionally expressed as δ 13 C-values, 106 δ 13 C=(( 13 C/ 12 C sample )/( 13 C/ 12 C standard )-1)×1000) is a good tracer of magmatic degassing. At 107 magmatic temperature, the isotopic fractionation between CO 2 in vesicles and carbonate ions 108 dissolved in the melt is large enough (from +2.0 to +4.5‰, e.g., [START_REF] Javoy | Experimental determination of the isotopic 1919 fractionation between gaseous CO 2 and carbon dissolved in tholeiitic magma. A preliminary 1920 study[END_REF]Mattey, 109 1991) to cause significant variation in the δ 13 C-value of the melt and vesicles. More 110 importantly, the magnitude of δ 13 C-value variations allows to uncover the mode of 111 degassing: open-system degassing (or Rayleigh distillation) implies larger variations in 112 δ 13 C-values than closed-system degassing. This geochemical tool is therefore well suited to 113 study degassing mechanisms in detail. Despite some work in this field, no comprehensive 114 and synthetic review on the use of carbon stable isotope ratio to study magmatic degassing 115

exists. 116

In this contribution, I review carbon stable isotopes studies on submarine samples 117 from the three main volcanic settings on Earth: ridge, hotspot, and arc. The main objective is 118 to highlight the nature of degassing mechanisms occurring in each of these three settings and 119 also to compare these mechanisms between each different setting. With this compilation, I 120 also present new data that are too few to be the subject of separate studies, but relevant 121 enough to be presented in this review. The main outcome of this work is that a significant 122 diversity of degassing mode exists in a given geological setting and also when different 123 settings are compared. This review has important consequences for understanding degassing 124 mechanisms and notably for studies applying degassing corrections on the basis of noble gas 125 ratios (He/Ne or He/Ar, e.g., [START_REF] Gonnermann | Non-equilibrium degassing and a primordial 1824 source for helium in ocean-island volcanism[END_REF]. 126 127

Why does magmatic degassing exist? 128 129

Magmatic degassing is a common physical phenomenon affecting magmas rising 130 towards the surface. This process is easy to understand when tracking the rise of a magma in 131 a plot showing the carbon concentration as a function of pressure where carbon solubility 132 has also been represented (Fig. 1). In this plot, the black solid curve is the carbon solubility, 133 defined as the maximum carbon concentration that can be dissolved in the magma at given 134 physical and chemical conditions. It might vary as a function of several parameters 135 (temperature, oxygen fugacity, chemical composition of the melt, e.g., Stolper and 136 Holloway, 1988;[START_REF] Pan | The pressure and temperature dependence of 2111 carbon dioxide solubility in tholeiitic basalt melts[END_REF][START_REF] Pawley | The effect of oxygen fugacity on the 2115 solubility of carbon-oxygen fluids in basaltic melt[END_REF][START_REF] Dixon | An experimental study of water and 1780 carbon dioxide solubilities in mid-ocean ridge basaltic liquids. Part I: Calibration and 1781 solubility models[END_REF]Jendrzejewski et 137 al., 1997;[START_REF] Stanley | Solubility of C-O-H volatiles in 2203 graphite-saturated martian basalts[END_REF], but the most important one is pressure: carbon content in the 138 melt increases with increasing pressure. 139

In this illustrative example, I consider the case where P(CO 2 )=P(total) as it is the 140 simplest and, as explained later, the most pertinent to all terrestrial basaltic melts at most 141 depths. I assume that pressure is the only parameter that varies. In addition, I examine a 142 simple case, yet applicable case to most natural magmas, where magma is under oxygen 143 fugacity conditions at which carbon is dissolved as carbonate ions and most carbon in the 144 gas phase is CO 2 . Three cases are possible: 145

(1) Below this curve, the magma is undersaturated in carbon: this means that no gas 146 phase can coexist and all carbon is dissolved in the melt; 147

(2) On the solubility curve, the magma is saturated in carbon. A gas phase might by 148 present or not, it all depends on the quantity of CO 2 that has been exsolved from the melt; 149

(3) Above this curve, the magma is supersaturated in carbon. This last case is a non-150 equilibrium state. This state is transient and if sufficient time is available to allow the system 151 to evolve, it will reach a state where the magma is saturated and the excess dissolved carbon 152 is transferred to the gas phase. 153

The path of the magma in this plot is described as follows. I consider a magma with an 154 initial carbon concentration C 0 (point 1 in Fig. 1). Upon magma generation, the melt is 155 undersaturated in carbon. During magma uprise, pressure continuously decreases. As long as 156 the magma remains below the curve, the magma is undersaturated and its dissolved carbon 157 concentration C 0 is unchanged. No vesicles are present and none are generated. When the 158 solubility limit is reached (point 2 in Fig. 1), the melt is saturated with carbon and no 159 vesicles are present yet. But it has reached a point beyond which, if P continues to decrease, 160 carbon can no longer remain totally dissolved in the liquid and starts to partially exsolve as 161 CO 2 towards a gas phase causing vesiculation. In reality, an energy barrier exists to the 162 process of nucleation and a certain degree of carbon supersaturation is needed (point 3 in 163 Fig. 1) to induce nucleation (Bottinga and Javoy, 1990a). In terrestrial basaltic magmas, the 164 first volatile species to degas is CO 2 for two reasons: 165

(1) its concentration is relatively high compared to N 2 or noble gases (at least 1000 166 times more CO 2 than N 2 and noble gases, e.g., [START_REF] Cartigny | Volatile (C, N, Ar) variability in MORB and the respective roles of mantle source heterogeneity and degassing: the case of the Southwest Indian Ridge[END_REF]Marty and 167 Zimmermann, 1999, Figure S1). Some volatiles (N 2 , Ar, Kr, Xe) have a much smaller 168 solubility than carbon [START_REF] Lux | The behaviour of noble gases in silicate liquids: solution, diffusion, bubbles 2014 and surface effects, with application to natural samples[END_REF]Jambon et al, 1986, Libourel et al., 2003) but their 169 concentration is so small that they cannot induce vesiculation (Figure S1). 170

(2) among the most abundant volatiles (H 2 O, S, Cl have initial concentration in the 171 same order of magnitude as carbon) CO 2 solubility in basaltic melts is the lowest (Dixon et 172 al., 1995;Jendzejewski et al, 1997; Figure S1). Other major volatiles only outgas later at 173 shallow level (H 2 O, S, Cl and F are successively degassed as P decreases, see Dixon and 174 Stolper, 1995, their figure 5a; [START_REF] Spilliaert | S-Cl-F degassing pattern of water-rich alkali: 2194 Modelling and relationship with eruption styles on Mount Etna volcano[END_REF], their figure 7). 175 Therefore, CO 2 is the main driver of degassing from great depths (tens of kilometers) 176 to crustal levels and the assumption of P(CO 2 )=P(total) is hence justified for the earliest 177 evolution and most of magma degassing path. As the magma continues to rise, it follows the 178 solubility curve (points 4 to 5 in Fig. 1). Excess CO 2 is transferred to the vesicles which 179 continue to grow [START_REF] Bottinga | MORB degassing: evolution of CO 2[END_REF]Bottinga and Javoy, 1990b). Other volatile 180 species partition between the melt and the gas phase but their partial pressures remain low 181 and negligible (Figure S1). The carbon dissolved in the magma decreases continuously and 182 the excess carbon is exsolved as CO 2 by transfer to the vesicles. 183

The final fate of carbon in the magma depends on its geological context. If the magma 184 arrives at the surface (P= 1 atm for subaerial volcanoes), the solubility is so small that CO 2 185 of the magma is virtually totally degassed to the atmosphere. In a submarine volcano, the 186 magma is quenched to a glass by contact with seawater (a small thickness of the flows in the 187 case of submarine volcanoes), it can keep some amount of dissolved carbon and also CO 2 in 188 vesicles. Other parts of lava flows (non-glassy parts which represent the large majority of 189 the volume of magma reaching the seafloor) cool more slowly, micro-crystallize and lose 190 virtually all their CO 2 to the seawater-atmosphere reservoir. 191 This simple, theoretical case is far from reality, especially for the last stage of 192 degassing. At shallow depth, vesicles reach a size and a buoyancy sufficient to travel faster 193 than the melt (Bottinga and Javoy, 1990b) and can escape from it by open-system degassing. 194

Alternatively, magmas can stall in a magma chamber and the first generation of vesicles 195 may be lost by the reservoir by percolation through the upper crust. Since this process occurs 196 isobarically for the magma, the dissolved carbon content remains constant precluding 197 Rayleigh distillation effects (Aubaud et al., 2004). When erupting, a second generation of 198 vesicle can be formed. This last degassing step can follow a variety of different paths: 199 equilibrium open-system degassing/Rayleigh distillation [START_REF] Cartigny | Volatile (C, N, Ar) variability in MORB and the respective roles of mantle source heterogeneity and degassing: the case of the Southwest Indian Ridge[END_REF], kinetic 200 distillation (Pineau and Javoy, 1994) or closed-system degassing (either kinetic or 201 equilibrium, e.g. Aubaud et al., 2004;Soule et al., 2012). 202

In summary, contrary to other non-volatile elements (major elements, trace metals), 203 volatiles fluxes are problematic to quantify on the basis of direct analysis of the rock. Either 204 all CO 2 has escaped the system (subaerial volcanoes), or some CO 2 remains only as a 205 residue of degassing. Obtaining a complete picture of degassing requires characterizing 206 carbon concentration and its isotopic ratio in both phases: vesicles and glass. 207 In a large part of the literature on the subject of carbon geochemistry in basalts, the 216 most widely used unit for carbon concentration is ppm CO 2 . This is an abbreviation for ppm 217 wt CO 2 or parts per million by weight of CO 2 , a unit equivalent to µgCO 2 /g (microgram of 218 CO 2 per gram of sample). International recommendations would suggest to use mol/g 219 instead (obtained simply by dividing ppm wt CO 2 by 44×10 6 ). However, common usage is 220 to express rock constituents as weight percent oxides and I will thus adopt this usage to be 221 consistent with previous studies. Other units used in the literature are ppm C, an 222 abbreviation for ppm wt C or µgC/g which is simply equivalent to (ppm wt CO 2 )×(12/44). 223

In the noble gas literature, reported CO 2 concentrations are often expressed as ccSTP/g 224 which stands for cubic centimeter in standard temperature and pressure conditions per gram 225 of sample. This unit can be translated to mol/g by dividing by a constant factor of 22400. 226

It is important to note that in the case of dissolved carbon, the concentration refers to 227 the concentration of carbon in the glass excluding minerals. When vesicle CO 2 is obtained 228 by crushing in vacuum at room temperature (see section 3.6.2.2), the concentration refers to 229 the concentration of carbon in the bulk sample (glass+phenocrysts, the weight of vesicles 230 can be neglected). When phenocrysts are absent or present in a small fraction, both 231 normalizations are equivalent. When dealing with highly phyric samples, the difference can 232 be significant and the phenocryst fraction needs to be known for reporting vesicles and 233 dissolved carbon in a strictly similar unit. Note that except for highly phyric plagioclase 234 basalts (e.g., [START_REF] Lange | The petrogenesis of 1981 plagioclase-phyric basalts at mid-ocean ridges[END_REF], highly phyric samples are rare in submarine glassy 235 samples. 236 237

Notation 238 239

As stable isotope ratios will be extensively used in this work, I recall important 240 definitions regarding stable isotope terminology and definitions (see [START_REF] O'neil | Terminology and standards, In: Stable isotopes in high temperature 2107 geological processes[END_REF], for a 241 general review). Carbon has two natural stable isotopes: 13 C and 12 C ( 14 C is radioactive and 242 is much smaller in abundance in comparison with 12 C and 13 C). The natural abundance of 243 12 C is 98.89% and that of 13 C is 1.11% [START_REF] Nier | A redetermination of the relative abundances of the isotopes of carbon, 2093 nitrogen, oxygen, argon, and potassium[END_REF]. The isotopic ratio R of a carbon-bearing 244 substance in a particular phase is expressed as: 245 246 R = 13 Because it is easier to measure the relative difference in isotopic ratios than to 250 determine the absolute isotopic ratio of a substance, the delta notation has been introduced 251 early in the field of stable isotope geochemistry [START_REF] Mckinney | Improvements in mass spectrometers for the measurement of small differences in isotope 2066 abundance ratios[END_REF]. For carbon, the 252 delta notation is defined as: 253 254 δ 13 C = (R sample /R standard -1 ) × 10 3

(2) 255 256 or 257 258

δ 13 C = ((R sample -R standard ) / R standard ) × 10 3
(3) 259 260 For carbon, the international standard is PDB (Pee Dee Belemnite). It is a carbonate 261 from a marine belemnite found in the Cretaceous Pee Dee formation of South Carolina 262 (North America). The absolute ratio of PDB is not precisely known but previous 263 determinations vary from 0.0112372 [START_REF] Craig | Isotopic standards for carbon and oxygen and correction factors for mass-1723 spectrometric analysis of carbon dioxide[END_REF] to 0.011183 [START_REF] Zhang | Mass spectrometric determination of the absolute isotopic 2267 abundance of carbon in NBS-20[END_REF]. 264

The mass difference between these two isotopes is sufficient to cause isotopic 265 fractionation during chemical and physical processes. When two phases carrying the same 266 element coexist (as for example gaseous CO 2 in vesicles coexisting with a melt where 267 carbon is dissolved as carbonate ions, CO 3 2-), isotopic exchange takes place following the 268 reaction (keeping the same example): 269 270

12 CO 2 g + 13 where the subscripts g and m stand for gas and melt respectively. 273

The fractionation factor for this reaction is defined as : 274 275

α g-m = R g / R m
(5) 276 277 where g-m stands for gas-melt. 278

The mass action law pertaining to such reaction (Eqn. 4) is written as follows (in terms 279 of activities a or fugacities f where appropriate):

280 281 K = (f 13 CO 2 . a 12 CO 3 2-) / (f 12 CO 2 . a 13 CO 3 2-) (6) 282 283
Note that because activity/fugacity coefficients for isotopic species are normally close 284 to unity (deviations are possible only for concentrated materials), such relation can safely be 285 written in terms of concentration and pressure ratios. 286

The equilibrium constant K, rarely used in mass balance equations involving stable 287 isotope ratios, is related to the more widely used isotopic fractionation factor by the 288 following: 289 290

α g-m = (K /K ∞ ) 1/n (7) 291 292
where K ∞ is the equilibrium constant at infinite temperature and n is the number of atoms 293 exchanged during the reaction. The K ∞ being generally equal to unity, it is often neglected 294 and Eqn. ( 7) is simplified to α g-m = K 1/n . For simplification purpose, isotope exchange 295 reactions are written such that only one atom is exchanged, i.e., n=1. Note that because α is 296 equivalent to K, it is dependent on temperature. As δ-values are routinely determined, α can 297 be calculated directly with the expression (obtained by substituting Eqn. 2 in Eqn. 5):

298 299 1 + δ (g) / 1000 300 α (g-m) = ___________ (8) 301 1 + δ (m) /1000 302 303
Since α is generally close to 1 and the delta unit is commonly used, α is rarely used and the 304 isotopic fractionation is more conveniently expressed with the « big delta » notation (Δ 13 C) 305 defined by: 306 307 Δ 13 C g-m = δ 13 C gδ 13 C m (9) 308 309 Δ 13 C is related to α with the following approximations: 310 311

Δ 13 C g-m ≈ (α g-m -1) 10 3 = ε g-m (10) 312 313 Δ 13 C g-m ≈ 10 3 ln α g-m (11) 314 315
It is important to note that the exact fractionation value is 1000 ln(α). All other 316 expressions of Δ 13 C (Eqn. 9 and 10) are only approximations (see O'Neil, 1986, his 2.2 p23 for similar discussion). However, Δ 13 C is more conveniently used in practice. 319

When both Δ 13 C and δ 13 C-values are small (say less than 10‰) the Δ notation can be 320 reasonably used, while for larger Δ and δ 13 C-values far from 0‰, significant deviations exist 321 between 1000 ln(α) and Δ, therefore the 1000 ln(α) expression is to be preferred (O'Neil, 322 1986;Sharp, 2001). For carbon, using Δ is reasonable and deviations from 1000 ln(α) are 323 negligible. We will therefore use Δ throughout the paper. 324

When equilibrium of the reaction in Eqn. 4 prevails, 13 C is enriched in the gas phase 325 [START_REF] Javoy | Experimental determination of the isotopic 1919 fractionation between gaseous CO 2 and carbon dissolved in tholeiitic magma. A preliminary 1920 study[END_REF][START_REF] Mattey | Carbon dioxide solubility and carbon isotope fractionation in basaltic 2053 melt[END_REF], and the fractionation noted Δ 13 C eq is positive. When Δ is 326 measured in natural samples, it is called the observed fractionation (noted Δ 13 C obs ). This 327 observed Δ 13 C can be different from the equilibrium value. 328 Three cases arise: 329

(1) the Δ 13 C obs = Δ 13 C eq then the two phases considered are at isotopic equilibrium. 330 This equilibrium value is not known precisely, but early experimental determinations 331 suggest values from +2.0‰ [START_REF] Mattey | Carbon dioxide solubility and carbon isotope fractionation in basaltic 2053 melt[END_REF] to +4.5‰ [START_REF] Javoy | Experimental determination of the isotopic 1919 fractionation between gaseous CO 2 and carbon dissolved in tholeiitic magma. A preliminary 1920 study[END_REF] and an average 332 value of +3.5‰ is generally adopted in recent work (e.g., Cartigny et al., 2008). 333

(2) the Δ 13 C obs < Δ 13 C eq then the two phases are not in equilibrium, the fractionation is 334 purely kinetic (Δ 13 C obs = Δ 13 C kinetic ) or partially kinetic Δ 13 C kinetic <Δ 13 C obs <Δ 13 C eq . Assuming 335

that the carbonate ion is the diffusing species, kinetic fractionation due to diffusion can be 336 simply modeled by a Graham-type law (derived from the classical kinetic theory) governing 337 the translational velocity of carbonate ions according to an inverse square root of the mass 338 law. The fractionation coefficient α kinetic is thus √60/61 = 0.9918 or a fractionation Δ 13 C kinetic 339 of -8.2‰ (Pineau and Javoy, 1994) implying that escaping CO 2 is isotopically lighter than 340 that of dissolved carbonate. 341

(3) the Δ 13 C obs > Δ 13 C eq then the two phases are not in equilibrium, the system likely 342 underwent Rayleigh distillation effects where gas accumulation in the vapor phase has 343 occurred leading to large Δ 13 C obs values. This effect is described in detail in the following 344 section concerning mass-balance degassing equations. 345

Note that this behavior applies to the special case of the reaction considered in Eqn. 4. 346 (where 13 C is enriched in the gas phase at equilibrium) but is not a general rule for all other 347 gas-melt reactions. Here it is interesting to note that equilibrium Δ and kinetic Δ are 348 operating in opposite directions (Δ 13 C kinetic being negative and Δ 13 C eq being positive). This is 349 convenient to discriminate equilibrium from kinetic processes during degassing. 350 351 3.3. A few important facts: speciation 352 353

Speciation in the melt 354 355

In natural basaltic melts, carbon is exclusively dissolved as carbonate ions (e.g., Fine 356 and Stolper, 1985/86). Dissolved molecular CO 2 is predominant in the most silicic melts 357 (rhyolite). Intermediate silicate composition can dissolve both species (Fine and Stolper, 358 1985;[START_REF] Nowak | Carbon dioxide speciation 2104 in silicate melts: a restart[END_REF][START_REF] Konschak | The speciation of carbon dioxide in silicate melts[END_REF]. 359

In some occasions, other species have been assumed to be potentially dissolved in 360 basaltic melts. For example, Jendrzejewski et al. (1996a), on the basis of partial 361 disagreement between infrared and step-heating extraction technique, has suggested that 362 some minor amount of carbon in the melt could be dissolved as CO, CS or graphite. 363

Experiments conducted at relatively reduced conditions showed that carbon could be 364 dissolved as atomic or amorphous carbon [START_REF] Kadik | Formation of carbon and hydrogen species in magmas at low oxygen fugacity[END_REF]. In reduced conditions, CO 365 can indeed be dissolved in small amount [START_REF] Yoshioka | The speciation of carbon 2264 monoxide in silicate melts and glasses[END_REF] and possibly carbonyl 366 [START_REF] Wetzel | Degassing 2248 of reduced carbon from planetary basalts[END_REF]. 367 368

Speciation in vesicles 369 370

In natural basaltic melt, CO 2 is the main gaseous species carrying carbon (see for 371 example the detailed analysis of the popping rock by Javoy and Pineau, 1991). Nevertheless, 372 CH 4 and CO are present in trace amounts. At more reducing conditions, fractions of CO 2 373 and CO decrease and CH 4 become the dominant species (see figure 3 in [START_REF] Kadik | Formation of carbon and hydrogen species in magmas at low oxygen fugacity[END_REF]. 374 However, this is not applicable to oxidized modern natural basalts for which CO 2 is the main 375 gaseous species carrying carbon. 376 377

A few important facts: solubility 378 379

Carbon solubility is low in natural basaltic melts, one order of magnitude less than 380 water [START_REF] Stolper | Experimental determination of the solubility of carbon 2213 dioxide in molten basalt at low pressure[END_REF]. It is only once the infrared carbonate molar absorption 381 coefficient has been calibrated (Fine and Stolper, 1985/86) that carbon solubility could be 382 accurately measured. At crustal pressure, it is linearly correlated with pressure (Dixon et al., 383 1995;[START_REF] Jendrzejewski | Carbon solubility in Mid-1939 Ocean Ridge basaltic melt at low pressures (250-1950 bar)[END_REF]. At higher pressure, this relationship extends up to at least 384 15 kbars [START_REF] Pan | The pressure and temperature dependence of 2111 carbon dioxide solubility in tholeiitic basalt melts[END_REF]. There is a temperature dependence: at low pressure (1000-2000 385 bars), CO 2 solubility increases with temperature while at high pressure (10-20 kbars) it 386 decreases with temperature [START_REF] Pan | The pressure and temperature dependence of 2111 carbon dioxide solubility in tholeiitic basalt melts[END_REF]. Solubility also increases with the alkalic 387 character of the melt composition and with silica undersaturation (CO 2 solubility increases 388 from tholeiites to alkalic basalts, basanites, and nephelinite, e.g., Dixon, 1997), but these 389 parameters are secondary compared to the effect of pressure. 390 391

A few important facts: the right sample to analyze 392 393

From the arguments developed above in the introduction, it is established that 394 subaerial lavas are totally degassed and not suitable for carbon analysis. Only submarine 395 samples have retained sufficient amount of gas to be analyzed. 396

Previous studies have further shown that submarine glasses are to be preferred 397 compared to non-glassy submarine samples. When slow cooling occurs, magma has time to 398 micro-crystallize and most CO 2 is lost by degassing. This allows exchange with seawater. 399 By contrast, submarine glasses are rapidly quenched melts and this fast cooling allows the 400 retention of magmatic gases. This was first recognized by the noble gas community and 401 further adopted by studies on stable isotopes. 402 Note that this effect has been specifically observed in the case of carbon isotopes. 403 Sakai et al. (1984) analyzed two samples that are non-glassy, microcrystalline inner portion 404 of pillow basalt (samples 12-1 and 14-1 from Juan de Fuca). For the high temperature step 405 (1230-1240°C) they obtained low carbon concentration (12-16 ppm C) and low δ 13 C-values 406 (-24.1 and -22.3‰). This is much lower than other Juan de Fuca basaltic glasses at similar 407 depths (e.g. Blank et al., 1993) [START_REF] Des Marais | Carbon abundance measurements in oceanic basalts: the need for a 1752 consensus[END_REF][START_REF] Gerlach | Degassing of carbon dioxide from basaltic magma at spreading 1813 centers: II. Mid-ocean ridge basalts[END_REF]. 423

The first studies that attempted to extract carbon from basalts used a bulk extraction 424 heating technique. The sample was put under vacuum, heated and the released CO 2 purified 425 and analyzed for its stable isotope ratio. It was found that δ 13 C-values were low (-25 to -426 30‰, Craig, 1953; Hoefs, 1973; Rison and Craig, 1983). This result was in contrast with the 427 relatively heavy δ 13 C-values found for diamonds, carbonates of kimberlites and carbonatites 428 (-5 to -8‰, Craig, 1953;[START_REF] Frechen | Oxygen and carbon isotope studies of 2219 carbonatites from the Laacher See district, West Germany and the Alnö district, Sweden[END_REF][START_REF] Deines | The isotopic composition of carbonatite and kimberlite 1740 carbonates and their bearing on the isotopic composition of deep-seated carbon[END_REF] and puzzled 429 researchers for a long time. Subsequently, the finding of vesicle-rich submarine basalt 430 glasses on the mid-Atlantic ridge (popping rocks, [START_REF] Hékinian | Popping rocks and lava tubes from the 1865 Mid-Atlantic Rift Valley at 36[END_REF] allowed carbon to 431 be extracted by crushing and showed the first evidence for heavy carbon in basalts (-7.6‰, 432 Pineau et al., 1976). Similarly, these researchers employed a vacuum heating technique that 433 yielded lighter values. But at this stage, it was still unclear if this was the result of 434 contamination or isotopic fractionation during outgassing effects. This was further 435 reemphasized in Pineau et al. (1983) by analysis of vesicles and fusion on crushing residues. 436 While vesicles δ 13 C-values were confirmed by another study (Moore et al., 1977), ambiguity 437 remained on the interpretation of carbon released by fusion. 438

Breakthrough on this problem came with the studies of Des Marais and Moore (1984) 439 andMattey et al. (1984). By performing incremental step heating/mass spectrometry, they 440 showed that at least three different carbon components are present in glasses (see for 441 instance the high resolution step-heating experiment shown in Fig. 1 of Mattey et al., 1984): 442

(1) a low temperature (<600°C) isotopically light carbon (typically in the range -20 to -443 30‰) corresponding to modern contamination on sample surface or in cracks (adsorbed 444 gases, organic matter or other non-magmatic carbon species acquired by the glasses 445 subsequent to their eruption). This component can dominate the carbon budget of a sample. 446

(2) vesicle carbon (CO 2 ) predominantly extracted between 800-1000°C 447

(3) dissolved carbon extracted at the highest temperature steps >1000 to 1400°C. 448 The general principle of this technique is as follows. An infrared beam is passed 460 through a glass sample. The comparison of the intensity of the beam at the light source 461 (before its interaction with the sample) with the one reaching the detector (after its 462 interaction with the sample) allows the measurement of the quantity of light absorbed 463 (Absorbance) by the species of interest. Its concentration is proportional to the absorbance 464 through the Beer-Lambert law. This technique is fast and widely used in this field of 465

In

research. 466

As this technique is used in transmission mode, doubly polished thick sections need to 467 be prepared. Both side of the wafer need to be parallel to avoid reflections and loss of signal. 468

For natural samples, a typical thickness of 100-300 µm is preferred. On the one hand, 469 thinner samples are difficult to handle (they break easily) and a sample too thin would 470 reflect a lot of incident light and yield a sinusoidal baseline. On the other hand, a sample too 471 thick absorbs too much light (especially electronic transition of iron for OH bands and 472 silicate network below the carbonate bands) and signal reaching the detector is too small 473 leading to a lot of noise or a transmitted light too low in intensity. 474

Fourier Transformed infrared spectroscopy is a technique that can provide both 475 speciation and concentration of dissolved carbon. Typically, its spatial resolution is 30-100 476 µm for modern commercially available spectrometers. Synchrotron allows to reduce the 477 beam size down to 1 µm (Guihlaumou et al., 2005). Mapping is a recent capability of most 478 commercial infrared now (see [START_REF] Wysoczanski | Spectroscopic FTIR imaging of water species in silicic 2256 volcanic glasses and melt inclusions: An example from the Izu-Bonin arc[END_REF]von Aulock et al., 2014). In all 479 cases, the species under investigation need to be active in the infrared domain. The 480 concentration of a given analyte can be accurately determined with the Beer-Lambert law 481

(for dissolved CO 2 ): 482 483 M CO2 ×(Abs) 1 484 [CO 2 ] = _____________ × ____ (12) 485 ρ × d ε 486 487
Where [CO 2 ] is the concentration of the analyte, M CO2 is the molar mass of CO 2 (44.01 488 g/mol), Abs is the maximum band height of the carbonate doublet (1430 and 1512 cm -1 489 generally taken at 1512 cm -1 , see Jendrzejewski et al., 1996a), ρ is the density of the matrix 490 (glass), d is the thickness, and ε is the linear molar absorptivity. As the form of the IR bands 491

do not vary from one sample to another, maximum band height is the simplest spectra 492 treatment that can be applied. Band integration is an alternative but rarely used for this 493 particular application. Abs depends on baseline correction and generally represents the 494 largest source of uncertainty. The density can be measured but for basalts it does not vary 495 much and an average value is typically applied to all samples without measurements. The 496 thickness is measured with a digital micrometer. The ε value needs to be calibrated by an 497 absolute and independent method to give accurate results. The value of Fine and Stolper 498 (1985/86) obtained by the 12 C(d,p0) 13 C nuclear reactions is 375 ± 20 liters/mole cm. 499 [START_REF] Jendrzejewski | Carbon solubility in Mid-1939 Ocean Ridge basaltic melt at low pressures (250-1950 bar)[END_REF] used the incremental step-heating technique on experimental and 500 natural samples to derive an ε value of 398 ± 10 l/mol cm almost identical within 501 uncertainties with that of Fine ands Stolper (1985/86). 502

The precision is good (less than 5 percent relative and mostly due to baseline 503 corrections). The concentration can be determined accurately only if ε is calibrated by an 504 independent and absolute method (manometry or nuclear reaction). 505

However, there are species that could be present in the glass that are not or weakly 506 active in the infrared domain. If present, CO, CS, graphite, atomic or amorphous carbon, 507 carbide (Si-C) are virtually undetectable by FTIR at concentration relevant to natural glasses 508 (0-10 ppm). To this date, other forms have been suspected but have never been shown with 509 certainty. 510 511 3. 6.2.1.2

. Ion microprobe (IM) or secondary ions mass spectrometry (SIMS) 512 513

The principle of ion microprobe/secondary ions mass spectrometry consists of ion 514 bombardment directed at the sample surface with a primary beam of O -or Cs + , and then to 515 analyze the secondary ions ejected by the primary beam with a mass spectrometer (in our 516 case 12 C -). This technique can analyze both carbon concentration and carbon stable isotope 517 ratios. However, instrumental mass fractionation is significant and standards are needed to 518 build concentration and isotopic calibration curves to characterize unknown samples. 519

This technique has been often used to characterize carbon concentrations in natural 520 and experimental glasses. This technique was initially used for experimental samples 521 because they were more concentrated in carbon than natural ones and less material is needed 522 for SIMS analysis (e.g. [START_REF] Pan | The pressure and temperature dependence of 2111 carbon dioxide solubility in tholeiitic basalt melts[END_REF]. Improvements in the instruments made the analysis 523 of the low carbon concentration in submarine basalt glasses possible on routine with a 524 reasonable precision (Hauri, 2002). 525

Carbon stable isotope ratios are also measurable in basaltic glasses, but with a poor 526 precision (±4‰, 1σ, Hauri, 2002). To this date, few δ 13 C-values results have been produced 527 with this technique and the data available are scattered and not as precise as the conventional 528 incremental step-heating/manometry/mass spectrometry approach (Hauri, 2002). Several 529 studies have applied this technique to natural basaltic glasses, but they mostly measure the 530 concentration. The instruments the most often used are the CAMECA TM 4f, 5f, 6f and the 531 CAMECA TM 1270, 1280. 532 533 3. The general principle of this technique is to heat the sample at different temperatures 536 under vacuum or in pure O 2 micro-atmosphere (combustion) in one or several successive 537 temperature steps, purify and collect the released gas (CO 2 ) and measure it by manometry 538 (either with a mercury manometer or a membrane capacitance manometer). The advantage is 539 that the collected gas can be admitted in a mass spectrometer and analyzed for its δ 13 C-540 value. It is a destructive technique that usually requires large quantities of selected glass. 541

The goal of this technique is triple: 542

(1) separate different forms of carbon, notably low temperature contamination carbon from 543 high temperature magmatic carbon; 544

(2) obtain the dissolved carbon concentration (well separated from other forms of carbon); 545

(3) measure the δ 13 C-value of the dissolved carbon (currently this is the only technique that 546 can do these measurements with a good precision). 547

Previous work on carbon in basaltic glasses has established that various forms of 548 carbon are present, making the extraction of dissolved carbon in the glass more difficult: 549

(1) adsorbed CO 2 (e.g., [START_REF] Jambon | Major volatiles from a north Atlantic MORB glass 1905 and calibration to He: A size fraction analysis[END_REF]; 550

(2) low-temperature carbon generally extracted at temperatures lower than 600°C (discussed 551 in detail by Mattey et al., 1984), but it can tail to higher temperature if present in large 552 quantities. As it is not easily removed by toluene-methanol mixture, they inferred it to be 553 polymeric in nature and its combustion temperature corresponds to kerogen in oil shales 554 (Mattey et al., 1984). It is located on the surface of samples. It is isotopically light, typically 555 -25±5‰. Its origin may be both in the natural environment and in the laboratory; 556

(3) carbonates in the wall of vesicles (e.g., Pineau and Javoy, 1994), extracted up to 600°C; 557 (4) amorphous (graphitic) carbon deposited on vesicle walls and cracks during cooling 558 (quenching), (e.g., [START_REF] Mathez | The nature and distribution of carbon in submarine 2050 basalts and peridotite nodules[END_REF] mainly extracted up to 600°C; 559

(5) vesicles carbon mainly as CO 2 . Vesicle CO 2 is generally extracted in the interval 800-560 900 or 800-1000°C; 561 (6) dissolved carbon (mainly as carbonate ions but other forms are suspected) extracted 562 above 900°C and more generally after fusion of the sample (1200-1400°C). 563

To date, there is no normalized procedure to apply the incremental step-heating 564 technique to natural submarine glasses. Adjustable parameters on which the results of the 565 technique depend are: 566

(1) sample chemical pretreatment; 567

(2) sample grain size; 568

(3) choice of temperature steps; 569 With all the above, there is an infinite combination of parameters that can be used. 570

Nevertheless, there are general rules that are common to all methods, and slightly differing 571 techniques overall yield equivalent results if a few rules are observed. 572

Sample chemical pretreatment is used to limit the low-temperature carbon component, 573 but in all cases, it does not fully eliminate it. Various treatments have been tested by Mattey 574 et al. (1989). They showed that dichloromethane is to be preferred as it dissolves organic 575 components. Acid generates chemically active adsorption surface and introduces more 576 contamination. In the worst case, the use of incremental step heating separates this low 577 carbon from high temperature. A large contribution of this carbon component, however, 578 might result in tailing effect where it could contribute slightly to higher temperature steps. 579

Grain size can be varied depending on the result to be obtained. Using a too fined 580 grain size is not recommended as it would enhance adsorption of gases. Also, as diffusion is 581 aided by fine grain size, dissolved carbon could be partly extracted at lower temperature 582 steps. A too coarse grain size on vesicular sample might cause a large contribution of vesicle 583 CO 2 to lower and higher temperature steps. As a consequence, vesicle CO 2 could be 584 extracted with dissolved carbon at the highest temperature step. Ideally, a small grain size is 585 to be preferred to eliminate most of the vesicle contribution, but grain size should be large 586 enough to minimize adsorption effects. Typically, grain sizes of 100-200 µm and 200-400 587 µm can be used. 588

Depending on the result to be obtained, the temperature steps can be chosen in 589 different ways. If the goal is to separate low-temperature carbon from high-temperature 590 magmatic carbon, only a 600°C step needs to be performed prior to a high-temperature 591 melting step. Alternatively, if one is only interested in dissolved carbon, it is important to 592 perform a step at 800 or 900°C to eliminate first low-temperature and vesicle carbon from 593 dissolved carbon. In our compilation of dissolved carbon data, we will retain only the step-594 heating results that have separated dissolved carbon from other carbon components. 595

This technique is time-consuming and few laboratories in the world had the capacity 596 of running these measurements. Only five laboratories contributed such data: NASA-Ames 597

Research Center (Des Marais and Moore, 1984), the Open University and subsequently the 598 Royal Holloway University in U. K. (Mattey et al., 1984;Macpherson and Mattey, 1994), 599

the Institut de Physique du Globe in Paris (Pineau and Javoy, 1994) and the Scripps 600 Institution (Macpherson et al., 1999). 601 602 3. 6.2.1.4 (multi collection meaning that the three masses are measured simultaneously). Considering 609 natural abundances of the PDB reference, the current intensity is 83 times less on mass 45 610 and 244 times less on mass 46 than on mass 44. The values of the resistors of the mass 45 611 cup (3.10 10 ohms) and 46 (1.10 11 ohms) need to be, for example, 100 and 300 times 612 respectively that of resistor in 44 (3.10 8 ohms, we take here the case of the quoted resistor 613 values for the Thermo TM Delta Plus XP) to yield tension in the same order of magnitude. 614

Only the isotopologues highlighted in bold are sufficiently abundant to make significant 615 contributions to these three masses. While the 18 O/ 16 O ratio can be obtained from the 46/44 616 ratio, the 13 C/ 12 C ratio is not the 45/44 ratio because of the contribution of the 17 O-bearing 617 isotopologues which account for 7% of the 45 signal. As most terrestrial materials follow 618 mass-dependent fractionation, the fractionation of 17 to 16 is approximately (but not 619 exactly) half that of 18 to 16. The correction is therefore easy to make from the 46/44 ratio. 620

These are called the Craig corrections [START_REF] Craig | Isotopic standards for carbon and oxygen and correction factors for mass-1723 spectrometric analysis of carbon dioxide[END_REF] that have been subsequently revised by 621 [START_REF] Santrock | Isotopic analyses based on the mass 2166 spectrum of carbon dioxide[END_REF]. These corrections are directly included in the software of 622 commercially available mass spectrometer. The δ 13 C-value of a sample is obtained by its 623 comparison with the isotopic values obtained on a working standard with known δ 13 C-value 624 on the PDB scale. To achieve this, the mass spectrometer is equipped with a dual inlet 625 system where sample and standard are measured (1) at the same intensity on mass 44 (2) 626 alternatively by switching a change-over valve. 627

A mass spectrometer can be operated in dynamic mode (where the sample is partially 628 pumped when in the mass spectrometer) for large quantities (larger than 1.5 µmoles). This is 629 the case of most commercially available stable isotope gas source mass spectrometers. A 630 microvolume can occasionally be used when quantities are low (smaller than 1.5 down to 631 0.4 µmoles) to concentrate the sample in a smaller volume in order to increase signal 632 intensity. For even smaller quantities, a mass spectrometer operated in static mode (all 633 sample admitted in the volume of the mass spectrometer with no pumping) can be used. In 634 this case, sample and standard are not measured alternatively but in sequence. Measurement 635 by a continuous flow technique is also a possibility but has never been used for such 636 measurements. Typically, a commercial mass spectrometer in dynamic dual inlet mode can 637 measure a δ 13 C-value with 0.03 ‰ precision. When taking into account all steps in the 638 extraction purification, quantification and blank correction, the δ 13 C-value of carbon 639 dissolved in basalt can be obtained with a typical precision of 0.2‰ (but this can vary with 640 sample mass and carbon content). 641

A large number of international standards exist for carbon (graphite, carbonate, 642 organic compounds). They are available through international agencies (IAEA, USGS, 643 NIST, IRMM). They can be used to normalize sample values on the VPDB scale. However, 644 none has a matrix similar to basaltic samples. Standards could be used to anchor the sample 645 on the international VPDB scale but the identical treatment principle cannot be totally 646 fullfilled. To this date, no study has ever attempted to synthesize silicate standards with 647 known isotopic composition that could be used by laboratories worldwide. In practice, there 648 have been less than five laboratories that have been able to do these measurements and little 649 effort has been made to develop such standards. 650 651 3. 6.2.1.5. Other techniques (good and bad) 652 653 Some techniques have been shown to be more or less valuable in measuring carbon 654 concentration: β-track autoradiography [START_REF] Watson | Diffusion of dissolved carbonate in 2241 magmas: Experimental results and applications[END_REF][START_REF] Watson | Diffusion of dissolved CO 2 and Cl in hydrous silicic to intermediate 2245 magmas[END_REF], nuclear 655 reactions (Fine Stolper, 1985/86) and nuclear magnetic resonance (NMR). Generally they 656 are rarely employed because they are more difficult to apply to natural glasses. 657

Other techniques have be shown to provide wrong dissolved carbon contents. These 658 techniques are generally bulk extraction techniques that are unable to separate different 659 forms of carbon: single temperature heating (Craig, 1953;Harris, 1981;Rison and Craig, 660 1983;Kingsley and Schilling, 1995;[START_REF] Hansen | Stable isotopes of carbon from basaltic rocks and their possible relation 1843 to atmospheric isotope excursions[END_REF], and Knudsen cell mass spectrometry 661 (Killingley and Muenow, 1975;Delaney et al., 1978;Garcia et al., 1979;Muenow et al., 662 1979Muenow et al., 662 , 1980;;Byers et al., 1983Byers et al., , 1985Byers et al., , 1986;;Aggrey et al., 1988aAggrey et al., , 1988b;;Yonover et al., 663 1989). The data of these studies have been discarded. 664 665 3.6.2.2. CO 2 in vesicles 666 667 Extraction of CO 2 from vesicles is easier to accomplish than dissolved carbon. 668

Crushing in vacuum followed by purification, collection, and measurement by manometry 669 give the vesicle CO 2 concentration. This CO 2 can be collected in a tube and connected to a 670 mass spectrometer for isotopic analysis. There is one important step to follow however, in 671 order to get reliable isotopic data. During purification it is important to circulate the released 672 CO 2 through CuO held at 450°C to oxidize and trap any trace of H 2 S. The reason for this is 673 because when a sulfur compound is present with CO 2 in the source of a mass spectrometer, 674 CS + ions are easily produced contributing to m/z=12+32=44. This increases mass 44 675 yielding a wrong δ 13 C-value. 676 It is important to note here that the original vesicle content enclosed in all vesicles of a 677 quenched glass is generally not recovered by crushing. This is due to vesicle bursting during 678 sampling and when the sample is put under vacuum prior to analysis (e.g., Javoy and Pineau, 679 1991). This is sometimes spectacularly observed during sampling (popping rocks, Hékinian 680 et al., 1973;Javoy and Pineau, 1991;Jones et al., 2019), but it probably systematically 681 occurs for all vesicular samples. Vesicularity should be used to recalculate the original CO 2 682 content [START_REF] Gerlach | Comment on « Mid-ocean ridge popping rocks: implications for 1817 degassing at ridge crests » by P. Sarda and D. Graham[END_REF][START_REF] Jones | Quantitative 1951 vesicle analyses and total CO 2 reconstruction in mid-ocean ridge basalts[END_REF]. When comparing extracted CO 2 by crushing 683 with the calculated CO 2 present in vesicles on the basis of vesicularity, it is likely to occur 684 also for samples that were not observed to burst (Aubaud et al., 2006). This bursting process 685 is the result of decompression underwent by the sample during collection (where the glass 686 quenched at several hundred bars is brought to the surface at atmospheric pressure) and 687 during vacuum pumping prior to analysis (the sample is decompressed from atmospheric 688 pressure down to 10 -9 bars in a vacuum extraction line, e.g., Javoy and Pineau, 1991). This 689 vesicle bursting is enhanced for vesicular hydrous glasses (as compared to dry, vesicle-poor 690 glasses) because of the effect of H 2 O on the tensile strength of the glass (see Romano et al., 691 1996). 692 Some studies deduce the vesicle CO 2 content and δ 13 C-values from the results of the 693 800°C-1000°C steps of the step-heating technique. This method is problematic, however, 694 because it cannot be ascertained that pure vesicle CO 2 is extracted at these steps with no 695 tailing effects. The Δ 13 C obs are much more variable than those obtained with crushing. I have 696 decided to exclude these data. 697 698 3.7. A few important facts: basic degassing equations 699 700

A cautionary note 701 702

The word degassing is a rather vague term and encompasses various distinct 703 phenomena. Some more precise designations have been used and will be reutilized here, but 704 they do not fully describe all cases that can happen in nature. For example, Rayleigh 705 distillation is often synonymous of open-system degassing. It is generally true, but it is not 706 always the case. As seen in a later section, Rayleigh distillation can occur in a closed-system 707 and can uniquely affect the dissolved phase (e.g., Pineau and Javoy, 1994). Similarly, loss of 708 vesicles can happen without Rayleigh distillation or fractional batch degassing. Indeed, a 709 magma already containing vesicles can stall in a magma chamber and lose its vesicles 710 isobarically. This happens without any change of melt concentration and in closed-system 711 isotopic equilibrium conditions. Such mechanisms are discussed below. 712 713

General degassing equations 714 715

The simplest degassing modes are closed-system degassing and open-system 716 degassing. Mass balance equations for closed and open degassing in a two phase system 717 have been presented before by many introductory text books on stable isotopes and 718 geochemistry (e.g. [START_REF] Hoefs | Stable isotope geochemistry[END_REF]. There are briefly reviewed here. In the system that I 719 consider, the two phases are: melt (subscript m) and gas in vesicles (subscript g). 720 721 3.7.2.1. Closed-system degassing (or equilibrium degassing or batch equilibrium degassing, 722

BED) 723 724

In the case of a closed-system degassing (also called equilibrium degassing or batch 725 equilibrium degassing, e.g. [START_REF] Gerlach | Carbon isotope constraints on degassing of carbon 1821 dioxide from Kilauea Volcano[END_REF], the evolution of carbon isotopic 726 ratios of carbon dissolved in the melt is given by: 727 728 δ 13 C m,closed system = δ 13 C initial -Δ 13 C eq (1 -f ) ( 13) 729 730 with f being the fraction of residual carbon (carbon in the melt compared to carbon initially 731 present in the melt before degassing):

732 733 f = C m /C m, initial (14) 734 735
In a plot where δ 13 C-values are shown as a function of dissolved CO 2 content in the 736 melt (Fig. 2A), the degassing path of the melt undergoing closed-system degassing follows a 737 straight line. In this example, the initial concentration is 1000 ppm and the initial δ 13 C-value 738 is -4‰. The lowest possible δ 13 C-value that the dissolved carbon can reach is the δ 13 C initial -739 Δ 13 C g-m = -7.5‰. If a second stage of closed-system degassing occurs somewhere in the path of the first stage, the lowest final δ 13 C-value that may be reached by the melt is: -7.5 -741 Δ 13 C eq. = -11‰. 742

The evolution of vesicles follows the same path as the melt except that the values are 743 offset by a value corresponding to the isotopic fractionation (still considering the simplest 744 case of isotopic equilibrium): 745 746 δ 13 C g,closed system = δ 13 C m, closed system + Δ 13 C eq (15) 747 748

In the same plot (Fig. 2A), the δ 13 C-value of vesicles is shown as a function of the 749 dissolved CO 2 concentration of the melt (rather than the concentration of CO 2 in the 750 vesicles). This type of plot allows tracking the difference in δ 13 C-values between the melt 751 and vesicles, but does not show the evolution of vesicle CO 2 content (this will be presented 752 in a later section). In Fig. 2A, vesicle δ 13 C-values follow the same isotopic path as the 753 dissolved carbon but offset by a value corresponding to the fractionation value, Δ 13 C eq . As a 754 consequence, the final δ 13 C-value (-4‰) reached by vesicles is equal to the initial δ 13 C-755 value of the melt (-4‰). At all times, the difference between the δ 13 C-values of the vesicles 756 and the melt is the equilibrium fractionation value Δ 13 C eq =+3.5‰. If a second closed-system 757 degassing step occurs in this path, the lowest vesicle δ 13 C-values that can be attained is -758 7.5‰. 759 760 3.7.2.2. Open-system degassing (or FED, Fractional equilibrium degassing, or Rayleigh 761 distillation) 762 763

In the case of an open-system degassing (sometimes called fractional equilibrium 764 degassing, [START_REF] Gerlach | Carbon isotope constraints on degassing of carbon 1821 dioxide from Kilauea Volcano[END_REF], or more often a Rayleigh distillation), the evolution of 765 carbon in the melt is calculated with the following expression: 766 767 δ 13 C m = δ 13 C m,i + Δ 13 C eq . ln f (16) 768 769

In a δ 13 C-value against dissolved CO 2 content plot (Fig. 2B), the melt follows the solid 770 black curve starting at [CO 2 ] m =1000 ppm and δ 13 C initial,m = -4‰. Open-system degassing 771 allows low δ 13 C-values to be attained at the lowest CO 2 content (lower than -16‰ for CO 2 772 content lower than 50 ppm in our example). 773

The isotopic path followed by vesicle is that of the "instantaneous" gas transferred to 774 vesicles and is given by: 775 776 δ 13 C g,open system = δ 13 C m,opensystem + Δ 13 Ceq (17) 777 778

In Figure 2B, the isotopic path followed by vesicle CO 2 is shown against the dissolved 779 CO 2 content of the melt. The curve is the same as that of the melt but offset to higher values 780 because of the isotopic fractionation Δ 13 C eq . At all times, the difference δ 13 C gδ 13 C m is 781 always equal to Δ 13 C eq. : isotopic equilibrium is always present between vesicles and melt. 782

The δ 13 C-values of CO 2 in vesicles near the end of degassing are low (lower than -16‰ for 783 CO 2 contents lower than 50 ppm). 784 785 3.7.2.3. Open-system degassing with total accumulation of the exsolved gas in the vesicles 786 787 When the melt undergoes a Rayleigh distillation but the gas is accumulated in the 788 vesicles during the whole degassing process, the δ 13 C g -values follow the path of the 789 accumulated gas reservoir as described by the following mass-balance equation (e.g. Hoefs, 790 2018): 791 792 δ 13 C g,open system, cumulated = (δ 13 C m,initial -f.δ 13 C m,open system ) / (1-f) (18) 793 794 This equation is obtained from a simple closed-system mass balance between the two phases 795 that are present, namely vesicles and melt: 796 797 δ 13 C m, initial = f.δ 13 C m, open system + (1 -f).δ 13 C g, open system, cumulated ( 19) 798 799

In this degassing model (Fig. 2C), the curve followed by the melt is the same as that 800

shown in the preceding case (section above, Fig. 2B): it is a Rayleigh distillation. When all 801 the exsolved gas is accumulated in vesicles, the vesicles follow an isotopic path 802 corresponding to the dashed line. This vesicle curve is slightly above the closed-system 803 degassing curve for vesicle but so close to it that it could hardly be distinguished analytically 804 from the closed-system case. The final δ 13 C-value reached by vesicles is equal to the initial 805 δ 13 C-value. In this special case, the observed isotopic fractionation Δ 13 C obs. increases as degassing progresses. At all times, Δ 13 C g-m,obs is higher than Δ 13 C eq. : this is a good diagnostic 807 of distillation/accumulation effects in magma degassing. 808 809

Degassing curves with vesicle CO 2 content as an index of degassing progress 810 811

The three cases described above were shown in diagrams where the dissolved CO 2 812 content of the melt is shown in the X-axis as an index of degassing progress. It is possible to 813 track the evolution of vesicle CO 2 content (the concentration of CO 2 that is present in 814 vesicles) in a similar diagram where the vesicle δ 13 C-values are shown against the vesicle 815 CO 2 content (Fig. 3). In this example, the parameters are the same as in the preceding cases: 816 initial [CO 2 ] = 1000 ppm, initial δ 13 C-value = -4‰ and Δ 13 C eq. = +3.5‰. 817 For closed-system degassing, the path is a straight line (solid black line in Figure 3) 818 where δ 13 C-value decreases as vesicle CO 2 content increases. The final vesicle δ 13 C-value 819 reached at a final vesicle CO 2 content of 1000 ppm is -4‰, corresponding to the initial 820 δ 13 C-value of the melt. 821 For open-system degassing, the instantaneous bubble exsolved from the melt follows a 822 Rayleigh distillation. Because bubbles are removed as soon as they are formed, the vesicle 823 CO 2 content is virtually zero all along the process. This is shown by the vertical arrow 824 (yellow line) on the Y-axis in Figure 3. 825 For open-system degassing with accumulation of all exsolved CO 2 in vesicles, the 826 degassing path is shown by the blue curve in Figure 3. It is slightly above the closed-system 827 curve but closed to it. The final δ 13 C-value is equal to the initial δ 13 C of the melt. 828

Rayleigh distillation on the gas phase can occur as a second stage of degassing once 829 the vesicle reservoir has been formed by a first stage of degassing. In this case, it follows the 830 green curve shown in Fig. 3 (calculated with Eq. 16). 831

Closed-system degassing can also be isobaric. In this case, the vesicle CO 2 content 832 decreases with no effect on the δ 13 C-values (isotopic equilibrium prevails at all times). 833

Alternatively, isobaric vesicle accumulation can occur as previously described for the 834 formation of a foam layer at the top of a magma chamber [START_REF] Jaupart | The generation and collapse of a foam layer at the roof of a 1911 basaltic magma chamber[END_REF]. In 835 this case, the vesicle CO 2 content increases with no effect on the vesicle δ 13 C-value. This 836 process has been invoked to explain the CO 2 -rich character of the 2πD43 sample (Jones et 837 al., 2019), a MORB glass with chemical and isotopic ratios that are thought to be 838 representatives of undegassed magmas sourced from the upper mantle (Javoy and Pineau, 839 1991). 840 841 3.7.2.5. More complicated cases 842 843

The three cases described above are simple and several variations may be anticipated 844 to occur in nature. Some other degassing paths may be followed due to the following 845 variable parameters: 846

(1) the initial CO 2 content and δ 13 C-value may vary due to source variations; 847

(2) the degassing path followed by a melt can be a suite of several degassing stages of 848 different styles. For example, open-system degassing can occur after a stage of closed-849 system degassing. 850

(3) isotopic equilibrium does not necessarily prevail at all time and kinetic fractionation is 851 possible when magma ascent is fast. Kinetic distillation (Rayleigh distillation with a kinetic 852 isotopic isotopic fractionation between the gas and the melt) is known to occur in some 853 cases (Pineau and Javoy, 1994). Closed-system degassing with kinetic fractionation has also 854 been observed in MORBs (Aubaud et al., 2004;Soule et al., 2012). 855

As a result, a large variety of degassing paths is possible in nature. Carbon isotope can 856 be used to trace such process both in terms of δ 13 C-values and fractionation values 857 (Δ 13 C obs. ). 858 859

Previous work on degassing and current view on degassing processes 860 861

MORB degassing 862 863

It is well-accepted now that most MORB glasses are supersaturated with CO 2 at 864 eruption. This was first demonstrated by Dixon et al. (1988) and Stolper and Holloway 865 (1988). This is due to relatively fast melt ascent compared to the slow degassing kinetics of 866 dissolved CO 2 towards the gas phase. This has been investigated experimentally by Gardner 867 et al. (2016) and numerically by Proussevitch et al. (1993) and [START_REF] Gardner | Rapid ascent and 1809 emplacement of basaltic lava during the 2005-06 eruption of the East Pacific Rise at ca. 1810 9°51'N as inferred from CO 2 contents[END_REF]. They 868 showed that carbon supersaturation in MORB is possible for fast magma decompression and 869 facilitated by short transfer times and small vesicle number densities. 870

In terms of degassing mode, three types of MORB have been found by previous 871 studies and should be discussed separately: 872

(1) CO 2 -undersaturated samples. These magmas probably never degassed their CO 2 873 due to a very low initial CO 2 content (Saal et al., 2002;Michael and Graham, 2015;Le 874 Voyer et al., 2017). 875

(2) CO 2 -rich samples with a 4 He/ 40 Ar* ratio (where 40 Ar* stands for 40 Ar corrected for 876 atmospheric contamination 40 Ar*= 36 Ar( 40 Ar/ 36 Ar-296), 296 being the atmospheric 40 Ar/ 36 Ar 877 ratio) in the vesicles in the range 1-3. This is the case of the popping rock 2πD43, 878 [START_REF] Staudacher | Noble gases in basalt glasses from a Mid-Atlantic Ridge topographic high at 14°N: 2207 geodynamic consequences[END_REF]Javoy and Pineau, 1991;[START_REF] Burnard | Vesicle-specific noble gas analyses of "popping-1691 rock": Implications for primordial noble gases in Earth[END_REF]Moreira et al., 1998;879 Marty, 1995;[START_REF] Raquin | He, Ne and Ar systematics in single vesicles: 2139 Mantle isotopic ratios and origin of the air component in basaltic glasses[END_REF][START_REF] Roubinet | Atmospheric noble gases in Mid-Ocean Ridge Basalts: 2154 Identification of atmospheric contamination processes[END_REF]; and of the recent popping 880 rocks recovered at the same location as the 2πD43, see Jones et al., 2019). This noble gas 881 ratio (in the range of the mantle production ratio) together with carbon isotope vesicle δ 13 C-882 values in the mantle range (-4‰ like diamonds, e.g., [START_REF] Cartigny | Subduction-related 1708 diamonds? -The evidence for a mantle-derived origin from coupled δ 13 C-δ 15[END_REF] indicate that 883 these melts underwent a closed-system equilibrium degassing. Dissolved CO 2 was simply 884 exsolved as a gas phase in vesicles, but remained in equilibrium with the melt (in a late 885 stage, the melt underwent kinetic degassing with little effect on vesicle δ 13 C-values, Pineau 886 and Javoy, 1994). This has been used to constrain CO 2 content of the mantle (Javoy and 887 Pineau, 1991). However, current views suggest that gas accumulation in the magma 888 chamber increased the gas concentration of these melts, and that the deduced initial CO 2 889 concentrations should be taken with caution (Jones et al., 2019). Despite this caveat on the 890 initial CO 2 concentration, the isotopic and chemical ratios are still considered to be 891 representative of undegassed samples. 892

(3) most MORBs (those not belonging to the two previous categories) underwent 893 degassing with variable degrees of gas loss. This is indicated by vesicle CO 2 δ 13 C-values 894 generally lower than the mantle value (-6.0±2‰, e.g., Pineau et al., 1976Pineau et al., , 1983;;Nishio et 895 al., 1999). This is also indicated by 4 He/ 40 Ar* ratios that are more elevated (in the range 5-896 400 and more generally 10-50) than the 2πD43 sample and the mantle value (e.g. Marty and 897 Zimmermann, 1999;Aubaud et al., 2004;[START_REF] Burnard | The bubble-by-bubble volatile evolution of two mid-ocean ridge basalts[END_REF]. The most frequent model 898 conceived to explain carbon isotope variation in those samples is a two-stage degassing 899 model as follows. From its source to the crust, the melt undergoes a closed-system 900 degassing. Once in the crust (e.g., in a magma chamber), the first generation of vesicles is 901 lost. Upon eruption from the magmatic reservoir to the seafloor, decompression of the melt 902 the melt causes nucleation and growth of a second generation of vesicles. During this stage, 903 a variety of degassing models have been proposed to explain different sets of data: Rayleigh 904 distillation with kinetic fractionation (Pineau and Javoy, 1994), open-system degassing with 905 equilibrium fractionation [START_REF] Cartigny | Volatile (C, N, Ar) variability in MORB and the respective roles of mantle source heterogeneity and degassing: the case of the Southwest Indian Ridge[END_REF], closed-system degassing with kinetic to 906 equilibrium fractionation (Aubaud et al., 2004;Soule et al., 2012). Indeed, most MORBs are 907 CO 2 -supersaturated (Dixon et al., 1988) precluding systematic late-stage open-system 908 degassing. Alternatively, noble gas studies systematically model their data with a single-909 stage Rayleigh distillation (e.g., [START_REF] Marty | Nitrogen content of the mantle inferred from N 2 -Ar correlation in oceanic 2044 basalts[END_REF]Marty and Zimmermann, 1999;Burnard et al., 910 1999;Gonnermann and Mukhopadyay, 2007;[START_REF] Tucker | Reconstructing mantle carbon 2223 and noble gas contents from degassed mid-ocean ridge basalts[END_REF]. 911 912

HOTSPOT magma degassing 913 914

A review of the literature shows that at eruption, most HOTSPOT magmas are in 915 equilibrium with respect to a CO 2 +H 2 O gas phase (Dixon et al., 1991(Dixon et al., , 1997;;Dixon and 916 Clague, 2001;Simons et al., 2002;Workman et al., 2006;Kendrick et al., 2014Kendrick et al., , 2015;;917 Jackson et al., 2015). This is in strong contrast with the general MORB supersaturation. 918

The two-stage degassing model described above for MORB has also been applied to 919

Hawaiian magmas [START_REF] Gerlach | Carbon isotope constraints on degassing of carbon 1821 dioxide from Kilauea Volcano[END_REF]. To explain the difference in δ 13 C-values of 920 summit fumaroles (in the range -2.8 to -3.4‰) and those of the Kilauea East Rift Zone (in 921 the range -6.9 to -8.9‰), [START_REF] Gerlach | Carbon isotope constraints on degassing of carbon 1821 dioxide from Kilauea Volcano[END_REF] model magma degassing with two 922 stages of closed-system degassing with isobaric gas loss between these two stages. The 923 dissolved carbon (released between 1000-1200°C) δ 13 C-values of Hawaiian samples as 924 measured by Exley et al. (1986) vary from -2.8 to -8.4‰, which lends support to the model 925 proposed by [START_REF] Gerlach | Carbon isotope constraints on degassing of carbon 1821 dioxide from Kilauea Volcano[END_REF] for fumaroles and indicates little or no distillation 926 during degassing. 927

Society submarine glasses exhibit a range of vesicle δ 13 C-values rather similar to that 928 of MORB: from -3.8 to -9.7‰ (Aubaud et al., 2005). For the highest values, this has been 929 interpreted as the result of a one stage closed-system degassing starting with an initial δ 13 C-930 value of -4‰ similar to that of the MORB source (Javoy and Pineau, 1991). The lowest 931 values were explained by equilibrium Rayleigh distillation degassing. 932

The range of vesicle CO 2 δ 13 C-values shown by Pitcairn submarine glasses is large: 933 from -6.0 to -15.7‰ (Aubaud et al., 2006). Similarly to Society samples, for the highest 934 values, this has been interpreted as the result of a one stage closed-system degassing but, in 935 this case, with an initial δ 13 C-value (-6.0‰) of the source 2 ‰ lighter than that of the 936 MORB and Society sources (-4‰, Javoy and Pineau, 1991;Aubaud et al., 2005). The 937 lowest δ 13 C-values were interpreted to be the result of Rayleigh distillation effects. 938

In their study of subglacial glasses from Iceland, Barry et al. (2014) found a large 939 range of dissolved carbon δ 13 C-values: from -3.3 to -27.5‰. They bracket their results with 940 two models: a closed-system degassing (or Batch Equilibrium Degassing model) to explain 941 the highest values and an open-system degassing (Fractional Equilibrium Degassing model) 942 to explain the lowest values. In order to explain some low δ 13 C-values with intermediate 943 CO 2 concentrations, they propose a coupled assimilation and fractional equilibrium 944 degassing as modelled by [START_REF] Macpherson | No slab-derived CO 2 in 2029 Mariana Trough back-arc basalts: Implications for carbon subduction and for temporary 2030 storage of CO 2 beneath slow spreading ridges[END_REF]. Macpherson et al. (2005) use a similar 945 approach to explain the large range of dissolved CO 2 δ 13 C-values (-6.9 to -24.0‰) of 946 Kolbeinsey Ridge samples (MORB mantle material influenced by Iceland hotspot material). 947 948

ARC magma degassing 949 950

A review of the literature shows that at eruption, most ARC samples are in equilibrium 951 with the CO 2 +H 2 O gas phase (e.g., Hoschstaedter et al., 1990;Stolper and Newman, 1994;952 Newman et al., 2000;Ribeiro et al., 2015). 953

The first isotopic measurements of arc samples by Mattey et al. (1984) indicate 954

Rayleigh distillation effects (from -8.9 o -28.4‰, but the samples with the lowest δ 13 C-955 values correspond to andesites). 956 Macpherson and Mattey (1994) obtained dissolved CO 2 δ 13 C-values in the range -8.8 957 to -18.3‰ for Lau basin samples. Macpherson et al. (1999) measured the dissolved CO 2 958 δ 13 C-values of Mariana samples and obtained a range of -7.1 to -33.0‰. Shaw et al. (2004) 959 analyzed samples from the Manus Basin and obtained a range of dissolved CO 2 δ 13 C-values 960 of -4.5 to -34.3‰. These three studies bracket their data with closed-system (BED) and 961 open-system (FED) degassing models. In order to explain some low δ 13 C-values with 962 intermediate CO 2 concentrations, Shaw et al. (2004) propose a coupled assimilation and 963 fractional equilibrium degassing process. On the basis of CO 2 / 3 He and K 2 O/TiO 2 964 covariations, they invoke a contamination of the magmas with crustal volatiles either from 965 the subducting plate or from the crust through which the magmas erupt. 966

Vesicle CO 2 δ 13 C-values are scarce for arc samples (Alt et al., 1993;Macpherson and 967 Mattey, 1994;Nishio et al., 1998). They are within the -2.1 to -13.1‰ interval mostly 968 within the range of, and sometimes lower than, most MORB vesicle CO 2 δ 13 C values (-969 6±2‰) compatible with closed-system to open-system degassing models. 970 971

Conclusions on previous studies 972 973

To conclude this section, it is generally agreed that both closed-system and open-974 system degassing with variable degree of kinetic to equilibrium conditions have been 975

proposed for these three settings. The different views might reflect disagreement between 976 researchers, or a diversity of degassing in a given setting (i.e., rarely do different studies 977 analyze the same set of samples). 978 979 4. New data 980 981 I take the opportunity of this global compilation to present data that were acquired 982 during a thesis (Aubaud, 2002). These data are volatile results for 8 MORBs from the North 983 Atlantic Ridge [START_REF] Jambon | Water in oceanic basalts: evidence for dehydration of 1908 recycled crust[END_REF] and 17 samples from Pitcairn hotspot 984 seamounts [START_REF] Hékinian | The Pitcairn hotspot in the south Pacific: distribution and composition of volcanic 1870 submarine sequences[END_REF]Dewey et al., 2003). The reasons for presenting these data 985 here are that (1) the data are two few to be the subject of separate studies and (2) they are 986 relevant to the present study, especially the Pitcairn data, because carbon stable isotope on 987 hotspot samples are scarce. Coupled with the vesicle data of Aubaud et al. (2006), they are 988 the only hotspot data for which carbon isotopic fractionation between vesicles and melt can 989 be discussed. 990

The major element compositions of the Atlantic glasses can be found in Jambon and 991 Zimmermann (1990) and those of the Pitcairn samples can be found in Hékinian et al. 992 (2003) and Dewey et al. (2003). For Pitcairn glasses, additional compositions are presented 993 in Table S1. These data have been acquired by electron microprobe analysis (Cameca SX-994 100, Camparis laboratory, Sorbonne University) with a 15 kV accelerating voltage, a 10 nA 995 beam current, a defocused beam of 10-15 µm in diameter, and counting times of 10 seconds 996 for peaks and backgrounds. The vesicle data of the Atlantic samples were obtained by 997 crushing in vacuum and gas source mass spectrometry following procedures of Aubaud et 998 al. (2004) and as described in section 3.6.2.2 (CO 2 in vesicles) and section 3.6.2.1.4 (Gas 999 source isotope ratio mass spectrometer). The dissolved carbon and water data for the 1000 Atlantic and Pitcairn glasses were obtained by the incremental step-heating/mass 1001 spectrometry techniques. These analytical methods are the same as those described 1002 previously by Aubaud et al. (2004) and in section 3.6.2.1.3 (Incremental step-heating and 1003 manometry) and section 3.6.2.1.4 (Gas source isotope ratio mass spectrometry). Volatile 1004 results for the Atlantic and Pitcairn samples are presented in Tables 1 and2. Detailed step-1005 heating results for these samples are presented in Tables S2 andS3. 1006 1007

Atlantic MORB samples 1008 1009

For the Atlantic samples (Table 1), the δ 13 C-values of CO 2 in vesicles vary from -3.7 1010 to -7.8‰, and the δ 13 C-values for dissolved carbon vary from -7.0 to -10.8‰ 1011 (corresponding to observed fractionations Δ 13 C g-m in the range +0.2 to +5.4‰). Dissolved 1012 CO 2 contents vary from 114 to 535 ppm. The CO 2 +H 2 O saturation vary from 2.2 to 4.8 1013 meaning that all samples are supersaturated, this being due to CO 2 . These values are typical 1014 for MORB (Pineau et al., 2004;Aubaud et al., 2004). 1015 1016

Pitcairn samples 1017 1018

All samples are alkalic basalts except sample PN 14-04, classified as a trachy-andesite. 1019 CO 2 and H 2 O concentrations are in the ranges 22-180 ppm CO 2 and 0.636-1.262 wt%, 1020 respectively. These are typical for alkalic basalts (Dixon et al. 1991(Dixon et al. , 1997;;Dixon and1021 Clague, 2001). The δ 13 C-values of dissolved carbon in the glass vary from -10.4 to -23.1‰. 1022

These values are generally lower than those observed for MORB and in the range of those 1023 measured, for example for Iceland (Barry et al., 2014) and Kolbeinsey ridge (Macpherson et 1024(Macpherson et al., 2005) ) samples. Observed carbon isotope fractionation between vesicles and melt vary 1025 from -0.1 to +11.3‰, corresponding to values partly in the range of, and partly higher than, 1026 those observed for MORB (Aubaud et al., 2004;Pineau et al., 2004). Contrary to most 1027 MORBs, all samples can be considered to be at equilibrium (P collection ≈P saturation , Figure S2) 1028 with respect to a CO 2 +H 2 O gas phase (no significant supersaturation), in agreement with 1029 previous observations for hotspot samples (Dixon et al., 1991;Dixon and Clague, 1997;1030Dixon et al., 2001;;Kendrick et al., 2014Kendrick et al., , 2015;;Workman et al., 2006;[START_REF] Jackson | Deeply dredged submarine HIMU glasses from the Tuvalu Islands, Polynesia: Implications for volatile budgets of recycled oceanic crust[END_REF]. The first criterion used in this work was to retain only data from submarine glasses. 1043 Subaerial and non-glassy samples were rejected. 1044

The second criterion was to retain data that were acquired by analytical methods 1045 yielding reliable vesicle CO 2 , dissolved CO 2 and H 2 O concentration and δ 13 C-value data. 1046 For vesicle CO 2 concentration and δ 13 C-values, only the results of crushing in 1047 vacuum/mass spectrometry were retained, since it is the only method yielding pure vesicle 1048 CO 2 without other carbon contribution. As a consequence, vesicle CO 2 data derived from 1049 step-heating experiments (e.g., Blank et al., 1993) been performed in conditions where they allow dissolved carbon to be separated from other 1054 forms of carbon. Depending on analytical strategies, some data of a given study can be 1055 retained and others should be rejected, and this has to be justified on a case by case basis 1056 (Supplementary Text). For example, the data of Table 2 in Blank et al., 1993 are all rejected 1057 because they were performed on glass chips with only one single high temperature step after 1058 the 600°C step, implying that the high temperature step is a mix of dissolved and vesicle 1059 CO 2 . By constrast, all data in their Table 3 were retained because they were performed with 1060 the same steps (600°C and fusion) on crushed fraction with no risk of having a contribution 1061 from vesicle CO 2 . Bulk extractions data were also rejected (Craig, 1953;Rison andCraig, 1062 1983), and also those that did not perform the right sequence of temperature step allowing to 1063 separate low-T carbon contamination from high-T magmatic carbon (e.g. Pineau et al., 1976;1064Pineau et al., 1983)). 1065 1066

Sample classification 1067 1068

For simplicity, we classify submarine sample in three categories: MORB, HOTSPOT 1069 and ARC samples. 1070

In MORB, all submarine glasses collected at ridges or near ridges (including near-1071 ridge seamounts) are grouped together. For example, the Pito Seamount samples of Aubaud 1072Aubaud et al. (2004) ) are actually MORB samples, even if they were originally labelled « seamount ». 1073

As another example, the Juan de Fuca seamount samples of Dixon et al. (1988) are included 1074 in the MORB category. Also in this group are MORB that are clearly geochemically 1075 influenced by hotspot material. For example, the ridge segments north and south of Iceland 1076 in Macpherson et al. (2005) are included in the MORB group although it is clear that they 1077 are geochemically marked by hotspot material. This was imposed by the simple fact that 1078 such samples are not pure upper mantle, neither pure hotspot material but a mixture of both. 1079

This would have required a mixing index reflecting the degree of MORB (or HOTSPOT) 1080 affinity, an index that would have been probably different for one hotspot or another. This 1081 would have created a large number of categories and unnecessary complications in data 1082 presentation with some arbitrary choices. The use of binary plots representing the dissolved 1083 H 2 O concentration in one of the axes will help to address this caveat, and will be sufficient 1084 to illustrate the enrichment/depletion recorded in the samples of this group. 1085

HOTSPOT samples are all intraplate submarine glasses except for Iceland for which 1086 the samples are subglacial glasses. These samples are from Hawaii, Pitcairn, Society, Salas y 1087 Gomez, Samoa and Iceland hotspots. 1088

All arc and back-arc samples belong to the ARC group. In this group, there is also the 1089 same issue as in the MORB group. In arc and back arc settings, samples are a mix of a pure 1090 arc component (which also may vary in character from one arc to another) with a MORB 1091 component (and sometimes with the contribution of a hotspot component like in the Manus 1092 back-arc basin, e.g., Shaw et al., 2004). In order to avoid creating complicated sub-groups 1093 with mixing index that may be arbitrary and questionable to apply from one arc to the other, 1094 all arc and back-arc samples are grouped together. As in the MORB group, it will be seen 1095 later that using plots with H 2 O concentration is generally sufficient to study the role of 1096 source enrichment/depletion, partial melting, crystal fractionation and mixing in this group. 1097 1098

Inter laboratory biases 1099 1100

This compilation is a gathering of data obtained with different analytical methods. 1101 Therefore, discussing inter-laboratory (or methods) calibration issues is important. 1102

Most of the infrared data in the literature are acquired with the calibration of Fine and1103 Stolper (1985/86) for CO 2 and [START_REF] Stolper | Water in silicate glasses: an infrared spectroscopic study[END_REF] for H 2 O. Occasionally, other calibrations are 1104 used (e.g. for CO 2 [START_REF] Cartigny | Volatile (C, N, Ar) variability in MORB and the respective roles of mantle source heterogeneity and degassing: the case of the Southwest Indian Ridge[END_REF] used the calibration of [START_REF] Jendrzejewski | Carbon solubility in Mid-1939 Ocean Ridge basaltic melt at low pressures (250-1950 bar)[END_REF]. 1105

The molar absorptivity is within uncertainty identical to that of Fine and Stolper (1985/86). 1106

For H 2 O, the calibration of Jendrzejewski et al. (1996b) recorded a 15% difference with the 1107 1210

CO 2 +H 2 O saturation pressure vs. collection pressure 1211 1212

The equilibrium state of the erupted melts is best viewed in an equilibration pressure 1213 versus collection pressure diagram (Figure 5). This diagram is shown separately for MORB 1214 (Figure 5A), HOTSPOT (Figure 5B), and ARC (Figure 5C) magmas. The solid line with the 1215 1:1 line corresponding to equilibrium. Below this line, melts are undersaturated; above, they 1216 are supersaturated with a CO 2 -H 2 O gas phase. 1217

For MORB (Figure 5A), most samples are supersaturated, this supersaturation being 1218 due to CO 2 alone (see Figure 4A). The cases where melts are saturated and undersaturated 1219 also exist. This agrees with previous observations on small and large datasets (Dixon et al., 1220(Dixon et al., 1988;;[START_REF] Jendrzejewski | Carbon solubility in Mid-1939 Ocean Ridge basaltic melt at low pressures (250-1950 bar)[END_REF]Saal et al., 2002;Soule et al., 2012;Le Voyer et al., 2015, 12212019;[START_REF] Hauri | Carbon in the convecting mantle[END_REF]. 1222

In contrast with MORB melts, HOTSPOT and ARC samples are predominantly at 1223 equilibrium with a CO 2 +H 2 O gas phase (Figures 5B and5C In this diagram, the horizontal solid line is the equilibrium gas saturation state. In the 1240 first order, it is observed that (1) large supersaturation values are typical of relatively dry 1241 melts and (2) the maximum supersaturation decreases as water content increases. 1242

These observations establish a fundamental difference between MORB melts in one 1243 hand and HOTSPOT and ARC melts on the other hand: relatively dry MORBs are generally 1244 supersaturated with CO 2 whereas wetter ARC and HOTSPOT melts are predominantly near 1245 equilibrium. 1246 1247 6.4. Vesicles CO 2 concentration and δ 13 C-value 1248 1249 The global compilation of vesicle CO 2 content and δ 13 C-values is shown for MORB 1250 glasses in Figure 7A, for HOTSPOT glasses in Figure 7B, and for ARC glasses in Figure 1251 7C. 1252

For MORB, the largest vesicle CO 2 contents (> 600 ppm) have δ 13 C-values around -1253 4‰, and correspond to the vesicular 2πD43 samples and to sample OT03-09 in Pineau et al. 1254Pineau et al. (2004)). Following previous interpretation (Javoy and Pineau, 1991), they likely represent the 1255 vesicle gas of a melt that underwent one-step of closed-system degassing with vesicle gases 1256 representing the MORB mantle value. Other MORB vesicle δ 13 C-values are generally lower 1257 than -4‰, but are occasionally higher than this reference value (up to -1‰ at the lowest 1258 concentrations). They display a well-defined triangular distribution between three end-1259 member components: (1) a first pole with medium CO 2 content (1000 ppm) and δ 13 C = -1260 6‰, (2) a second component with low CO 2 content (<20 ppm) and δ 13 C=-11.5‰, and (3) a 1261 third component with low CO 2 content (<20 ppm) and δ 13 C=-1‰. Because MORB 1262 generally have vesicle He/Ar larger than the 2πD43 sample, they can be considered partly 1263 degassed and the component 1 corresponds to samples that have lost their first generation of 1264 vesicles and that have subsequently grown a second generation of vesicles in a closed 1265 system. Component 2 likely corresponds to Rayleigh distillation effects (open-system at 1266 isotopic equilibrium) starting from conditions of pole 1. Component 3 likely corresponds to 1267

kinetic distillation (open-system degassing with kinetic fractionation, the only process that 1268 can lead to δ 13 C-values higher than the initial mantle value). All degassed MORB vesicle 1269 δ 13 C-values are a combination of these three processes. 1270

For HOTSPOT, the picture is slightly more complicated because as already stated in 1271 section 3.8.2, the initial δ 13 C-values of hotspot sources might vary significantly. The Society 1272 alkalic basalts have high vesicle CO 2 concentrations (>200 ppm) and vesicle δ 13 C-values 1273 around -4‰ (blue horizontal bar in Figure 7B, Aubaud et al., 2005). This initial value is 1274 identical to that of the 2πD43 sample. This has been interpreted as the result of a one-step 1275 closed-system degassing which indicates that the 2πD43 and the Society basalt samples 1276 share a common degassing mechanism and the same initial δ 13 C signature. By contrast, the 1277 vesicle-rich Pitcairn samples have CO 2 content larger than 200 ppm and δ 13 C-values around 1278 -6‰ (green horizontal bar, Figure 7B, Aubaud et al., 2006). This has been interpreted as 1279 resulting from a one-step closed-system degassing of magmas with an initial δ 13 C-values of 1280 -6‰, that is 2‰ lower than the MORB and the Society source (Aubaud et al., 2006). All 1281 other HOTSPOT samples have vesicle δ 13 C-values in the range of -5.0 to -15.7‰ and have 1282 been interpreted to be the result of Rayleigh distillation (open-system at isotopic 1283 equilibrium) effects (Aubaud et al., 2005(Aubaud et al., , 2006)). There is no need to invoke kinetic 1284 degassing for these data. 1285

For ARC samples, the data are scarcer (Figure 7C, Alt et al., 1993;[START_REF] Macpherson | of some samples 1113 characterized by step-heating and FTIR[END_REF]1286 Mattey, 1994;Nishio et al., 1998), and hence processes affecting vesicle CO 2 contents and 1287 δ 13 C-values are more difficult to constrain. For reference, the blue and orange horizontal 1288 lines shown in the MORB diagram (Figure 7A) are redrawn in the ARC diagram (Figure 1289 7C). All samples have vesicle CO 2 content smaller than 100 ppm. Thus for ARC magmas, 1290 there is no equivalent to the 2πD43/OT03-09 and the CO 2 -rich Society and Pitcairn samples 1291 (a magma that have underwent a one-step closed system degassing process) among the ARC 1292 melts. A first group of samples with vesicle δ 13 C-values around -4‰ could be stemming 1293 from either one-step of closed-system degassing, or a kinetic degassing from a second 1294 generation of vesicles. A second group with vesicle δ 13 C-values of -6 to -9‰ could result 1295 from a second generation of vesicle with, for the lowest δ 13 C-values, some degree of 1296 Rayleigh distillation. A single vesicle δ 13 C-value at -10.7‰ (Nishio et al., 1998) can only be 1297 explained by Rayleigh distillation effects. The vesicle data of [START_REF] Macpherson | of some samples 1113 characterized by step-heating and FTIR[END_REF]Mattey 1298 (1994) and of Alt et al. (1993) are not shown in this diagram because the vesicle CO 2 1299 content is not reported with the δ 13 C-values. 1300 1301 6.5. Dissolved CO 2 δ 13 C-values 1302 1303 The global compilation of dissolved CO 2 content and δ 13 C-values is shown for MORB 1304 glasses in Figure 8A, for HOTSPOT glasses in Figure 8B, and for ARC glasses in Figure 1305 8C. For reference, colored horizontal lines and processes indicated by arrows in the 1306 preceding diagrams for vesicles (Figure 7) are reproduced in Figure 8 by taking into account 1307 the equilibrium vesicle-melt isotopic fractionation and the difference in X-axis. 1308

For MORB, the blue horizontal bar shows the range of dissolved CO 2 δ 13 C-values 1309 1988). Several studies have established that HOTSPOT and ARC melts are mostly in 1376 equilibrium with respect to a CO 2 +H 2 O gas phase, but this has never been discussed in a 1377 general framework. 1378

The origin of this fundamental difference between MORB and HOTSPOT/ARC melts 1379 is attributed to the enrichment in volatiles (CO 2 +H 2 O) in the latter types of magma. On the 1380 one hand, a volatile-poor magma will grow small vesicles with smaller vesicle density 1381 number and greater distance between bubbles. This is a configuration favorable for 1382 disequilibrium between the melt and the vapor phase [START_REF] Gardner | Rapid ascent and 1809 emplacement of basaltic lava during the 2005-06 eruption of the East Pacific Rise at ca. 1810 9°51'N as inferred from CO 2 contents[END_REF]. On the other 1383 hand, a volatile-rich melt will develop a larger vesicularity with greater vesicle number 1384 density and smaller distance between vesicles, favoring melt-vapor equilibrium. 1385 This is straightforward to explain when considering two end-members cases: (1) a 1386 low-vesicularity MORB and (2) a high vesicularity HOTSPOT/ARC sample (insets in 1387 Figure 6). Dissolved gas exsolution towards the gas phase is a diffusive process. The 1388 distance x of diffusive transport can be scaled by: 1389 1390 x = √Dt (20) 1391 1392 where D is the diffusivity of the gas species and t the time available for diffusion. The 1393 consequence of this equation is that for similar eruption duration, equilibrium will be 1394 attained faster for a melt where distance between vesicles is the smallest, while for vesicle-1395 poor samples degassing kinetics will be sluggish and disequilibrium more often observed. 1396

In the first end-member case, the low vesicularity of the melt implies that the distance 1397 between each vesicle is relatively large. For a diffusing species, this implies that the time to 1398 reach the gas phase would be relatively long. A fast ascending melt would therefore not have 1399 time to exsolve all its excess dissolved gas and supersaturation will build up. A low 1400 vesicularity melt results in slow exsolution kinetics and disequilibrium prevails. 1401

In the second end-member case, the large vesicularity implies that the distance 1402 between each vesicle is small. A diffusing species would travel this distance in a shorter 1403 time than in the preceding case. A fast ascending melt would therefore require less time to 1404 reach equilibrium and supersaturation would be limited or absent. A large vesicularity 1405 results in fast exsolution kinetics and equilibrium prevails. 1406

An additional factor to the difference in supersaturation as a function of dissolved 1407 water content is the significant effect of H 2 O on CO 2 diffusion. Experimental studies on 1408 diffusion of CO 2 in several silicate melt compositions have shown that for similar 1409 temperature and compositions CO 2 diffusion depends on water content [START_REF] Watson | Diffusion of dissolved CO 2 and Cl in hydrous silicic to intermediate 2245 magmas[END_REF]. The 1410 larger the dissolved water content of the melt, the larger the diffusive coefficient of CO 2 . 1411

The ability of water to increase the diffusivity of CO 2 is also a key factor in explaining that 1412 water-rich melts are generally close to equilibrium while dry melts are predominantly CO 2 1413 supersaturated. 1414

Additional processes could also explain these differences such as melt ascent rates and 1415 the presence of thick lithosphere beneath hotspots but their role are difficult to estimate. 1416 effects. The red line corresponds to a second stage of closed-system degassing starting at 1426 1800 ppm dissolved CO 2 . The δ 13 C-value at which this second step starts is calculated with 1427 the first stage of closed-system degassing by chosing that δ 13 C reached at 1800 ppm 1428 dissolved CO 2 (δ 13 C=-6.45‰, black line in Figure 12). The green and blue curves are open-1429 system degassing models for partially kinetic (green) and partially equilibrium (blue) 1430 distillation processes starting from a sample that resulted from two-stage closed-system 1431

degassing. 1432

The popping-rock 2πD43 (pink circles) are well explained by the one stage closed-1433 system degassing model with varying degrees of vesicle bursting, but this is of course 1434 circular since the initial conditions are based on results on this sample (Javoy andPineau, 1435 1991;Pineau and Javoy, 1994). An interesting result of this compilation is that most other 1436 MORB fit well a two-stage closed-system degassing model with subsequent kinetic and 1437 equilibrium distillation effects for the samples with the lowest vesicle CO 2 contents. Kinetic 1438 distillation affecting vesicles has never been observed or stated before, but is a conspicuous 1439 observation in this global dataset. 1440

For HOTSPOT melts, degassing is modeled by a one-stage closed-system degassing 1441 model (black and gray solid lines in Figure 11B). For Society samples, the initial δ 13 C-1442 a visible cluster of data between the black and red lines between 0 and 200 ppm. These 1509 samples can be explained by closed-system degassing with or without loss of the first 1510 generation of vesicles, this last point being not as well constrained as for MORB. Samples 1511 above the black line likely underwent kinetic degassing as modeled by the green curves. All 1512 samples below the red line are best explained by Rayleigh distillation degassing starting at 1513 300 ppm dissolved CO 2 or higher. As in the case of HOTSPOT melts, a few samples with 1514 low δ 13 C-values and CO 2 contents larger than 50 ppm are difficult to explain by Rayleigh 1515 distillation only. Similarly to the case of some Iceland samples, Shaw et al. (2004) have 1516 explained such samples as resulting from the assimilation of carbon-bearing material. 1517 1518 7.4. Comparison of natural melts in their respective mode of degassing 1519 1520 A summary of the degassing behavior of MORB, HOTSPOT and ARC melts is 1521 presented in Table 3. It is deduced from the modeling and discussion developped in the 1522 preceding sections. These observations allow to compare the differences in the degassing 1523 modes encountered during this review for these melts. 1524

The main degassing characteristics of MORBs are that they are generally 1525 supersaturated, they have generally lost their first generation of vesicles, and they are often 1526 marked by kinetic degassing effects. Rayleigh distillation is rarely observed for MORB and 1527 seems only evident near hotspots (e.g., Macpherson et al., 2005). By contrast, HOTSPOT 1528 and ARC melts are generally close to equilibrium with respect to a CO 2 +H 2 O gas phase. 1529 Kinetic degassing is rarely observed but Rayleigh distillation degassing is frequent. These 1530 fundamental differences in degassing mode between MORB, HOTSPOT and ARC melts are 1531 attributed to their difference in initial volatile contents controlled by source composition and 1532 variations in degree of partial melting. Variation in isotopic ratio of the source is present in 1533 HOTSPOT and probable for ARC melts, but is assumed to be absent for MORBs. 1534

The identification of undegassed samples like 2πD43 for MORB and CO 2 -rich high 1535 δ 13 C-values alkalic basalts for Pitcairn and Society are crucial to constrain the initial δ 13 C-1536 value of the source. While such samples have been found at ridge and some hotspots, they 1537 have never been found at arcs. In connection with this problem, the small amount of data on 1538 vesicle δ 13 C-values and Δ 13 C obs values for arc samples, requires future work to better 1539 constrain degassing processes. 1540 1541 mostly attributed to mobilization of non-magmatic carbon in the continental crust, it cannot 1575 be excluded that the source has its own variability as well. If a significant portion of carbon 1576 emitted at arc is provided by recycled slab-derived carbon (as opposed to mantle wedge 1577 upper mantle carbon), one can expect variability in source δ 13 C-value given the large 1578 diversity of sediment lithology subducted worldwide [START_REF] Plank | Subducting carbon[END_REF]. From the 1579 carbon stable isotope point of view, this is poorly characterized and open to future work. 1580

(3) a fractionation +3.5‰ is used in the modeling to take into account the uncertainties 1581 in the experimental determinations (Mattey, 1984;[START_REF] Javoy | Experimental determination of the isotopic 1919 fractionation between gaseous CO 2 and carbon dissolved in tholeiitic magma. A preliminary 1920 study[END_REF]. However, smaller or 1582 larger values are possible and awaits robust experimental validation. 1583 1584

Conclusions 1585 1586

The detailed examination of carbon concentration and stable isotopic data in 1587 submarine basalt glasses allows for the construction of a complete picture of the degassing 1588 behavior in natural melts in the three most important volcanic settings: ridge, hotspot and 1589 arc. Some fundamental differences arise in the degassing regime of these melts: 1590

(1) MORB are generally supersaturated in CO 2 and characterized by frequent kinetic 1591 (diffusive) effects and limited Rayleigh distillation degassing. This is probably due to the 1592 low initial volatile content of their source. 1593

(2) HOTSPOT and ARC melts are generally in equilibrium with respect to a 1594 CO 2 +H 2 O gas phase and more often undergo open-system degassing because of higher 1595 initial volatile content. 1596

(3) A large diversity of degassing style exists for a given setting and when different 1597 settings are compared. MORB degassing is mostly the result of a two-stage degassing 1598 process with kinetic degassing as the main late stage process and little Rayleigh distillation. 1599 ARC and HOTSPOT melts are dominated by Rayleigh distillation effects but closed system 1600 degassing is also present. 1601

Further efforts should be done on better characterizing vesicle-melt observed 1602 fractionation and in constraining the δ 13 C-values and CO 2 content of magmas sources, 1603 especially at hotspots and arcs. 1604 

  , comparison of degassing processes between ridge, hotspot and arc 1037 magmas is based on the compilation of vesicle and dissolved CO 2 and H 2 O concentration 1038 and carbon stable isotope ratios in submarine glasses from the three settings. 1039 1040 5.1.1. Criteria for data selection 1041 1042

  ). Although this has been shown 1224 by local studies in previous publications, this observation has never been made on global 1225 datasets and is an important result of this compilation. It highlights a fundamental difference 1226 opposing MORB melts, and HOTSPOT and ARC melts: the former are mostly out of 1227 equilibrium upon eruption, while the latter mostly degas at equilibrium under crustal 1228 conditions. 1229 1230 6.3. Relationship between CO 2 +H 2 O saturation pressure and dissolved H 2 O content 1231 1232 The factors controlling melt equilibrium state can be further investigated with the 1233 diagram showing CO 2 +H 2 O supersaturation against dissolved H 2 O content of the glass (Fig. 1234 6). In this diagram, H 2 O represents an index of volatile enrichment of the melt (whatever the 1235 origin -source, degree of melting or differentiation -of the enrichment is) because it is 1236 poorly affected by degassing in most samples of this compilation. In other words, the 1237 dissolved H 2 O content is probably also a crude index of enrichment of CO 2 before 1238 degassing. 1239

  1417 7.2. Modeling degassing using vesicle CO 2 1418 1419 On the basis of mass-balance equations described in Section 3.7.2, it is possible to 1420 model the degassing process hypothesized in Section 6.4. The details of the degassing 1421 calculations are presented in the Supplementary Dataset. 1422 For MORB, the degassing models are shown in Figure 11A. The black line 1423 corresponds to a one-stage closed-system degassing model starting with [CO 2 ]= 6000 ppm 1424 and δ 13 C=-4‰. The black dashed line corresponds to isobaric vesicle loss/vesicle bursting 1425
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 227212345 Figure captions 2271 2272 Figure 1. Summary of the degassing behavior of a carbon-bearing magma from its source to 2273 its eruption point upon decompression. The solid line is the solubility curve. Below this line, 2274 melts are undersaturated (point 1). When the magma crosses the carbon solubility curve 2275 (point 2), a slight carbon supersaturation is necessary to overcome the energy barrier 2276 necessary to induce nucleation (point 3). Once vesicles are nucleated, supersaturation is 2277 rapidly resorbed (point 4) and magma decompression continues at saturating conditions on 2278 the solubility curve (point 4 to 5). As magma continues to rise, vesicles grow continuously 2279 (from 4 to 6). The ultimate fate of the magma depends on its setting. For submarine magma, 2280 the confining pressure is sufficient to keep some dissolved carbon and vesicles that are 2281 quenched to a glass when in contact with the cold (4°C) bottom seawater (point 6). For 2282 subaerial magmas, the confining pressure is so low that all CO 2 escape to the atmosphere 2283 (point 7). Vesicles that are present in scoria are generally water-rich and devoid of CO 2 . 2284 2285 Figure 2. Theoretical isotopic degassing curves for vesicles and melt as a function of 2286 dissolved CO 2 content. The initial δ 13 C-value is -4‰, the initial CO 2 content is 1000 ppm 2287 and the equilibrium fractionation is Δ 13 C eq = +3.5‰. A) Closed-system degassing. B) Open-2288 system degassing. C) Open-system degassing for the dissolved carbon with CO 2 2289 accumulation in vesicles during the entire degassing process. 2290 2291 Figure 3. Theoretical isotopic degassing curves for vesicles as a function of vesicle CO 2 2292 content of the melt. Input parameters are similar to those used in Figure 2. 2293 2294 Figure 4. Saturation pressure from dissolved CO 2 and H 2 O concentrations calculated with 2295 the VolatileCalc software of Newman and Lowenstern (2002). Solid lines are isobars and 2296 dashed lines are isopleths of different water molar fractions in vesicles. A) for MORB, B) 2297 for ARC samples, C) for HOTSPOT samples with SiO 2 > 45 wt%. D) for HOTSPOT 2298 samples with SiO 2 < 45wt%. For MORB and ARC samples, the curves were calculated for 2299 tholeiitic compositions (SiO 2 =49wt%). For HOTSPOT samples, curves were calculated for 2300 alkali basalt in (C) (SiO 2 =47 wt%) and for nephelinites in (D) with SiO 2 =42wt% as input 2301 parameter. 2302 2303 Figure 5. Equilibration pressure determined from volatile concentrations and SiO 2 content 2304
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  and shows that micro-crystallisation is accompanied by 408 extreme degassing. They are not the sample of choice and should be avoided at all cost. 409

	410	This review discusses only glass samples (submarine and subglacial samples).
	411	
	412	3.6. A few important facts: the right technique to use
	413	
	414	3.6.1. The different forms of carbon in a basalt -a bit of history
	415	
	416	Before the techniques used to extract magmatic carbon from basalts are reviewed, it is
	417	important to recall a short historical account of how it has been extracted since the first
	418	studies until now. The extraction of magmatic carbon from geological sample turned out to
	419	be one of the most challenging analytical problem to solve in modern geochemistry. Were
	420	the two above-mentioned magmatic phases the only present carbon phases, the extraction of
	421	carbon from submarine glasses would be relatively simple. Yet, these are not the only
	422	carbon species present in a glass sample and it took more than 30 years for researchers to
		figure this out

  summary vesicle CO 2 and dissolved carbonate are the main magmatic forms of 449 carbon in natural basaltic glasses. Many other forms could be present, but one specific form 450 could be unveiled only by one specific technique. It is therefore important to review the 451 techniques that are used to correctly extract vesicle and dissolved carbon.

	452	
	453	
	454	3.6.2. Analytical techniques
	455	
	456	3.6.2.1. Dissolved carbon
	457	
	458	3.6.2.1.1. Fourier Transformed infrared (FTIR) spectroscopy
	459	

16 O 12 C 16 O), 45 ( 16 O 13 C 16 O, 17 O 12 C 16 O, 16 O 12 C 17 O), and

  . Gas source isotope ratio mass spectrometer 603 604 Commercial mass spectrometer routinely measure the δ 13 C-value of the CO 2 molecule. 605 This is achieved by measuring m/z (mass over charge, or by simplification mass) 44 606 ( 46 ( 17 O 13 C 16 O, 16 O 13 C 17 O, 607 17 O 12 C 17 O, 18

O 12 C 16 O, 16 O 12 C 18 O) of

  pure CO 2 by a multi collector mass spectrometer 608

  have been rejected because other sources 1050 of carbon may be mixed with vesicle CO 2 . 1051 For dissolved CO 2 and H 2 O concentration I have retained all data obtained by FTIR, 1052 SIMS and step-heating. Data obtained by step heating have been retained only if they have 1053

Table 1 .

 1 New volatile data for mid-Atlantic ridge basalts

	Sample	Depth	P	P	Vesicle	δ 13 C	δ 18 O	Dissolved	δ 13 C of	Super-	Δ 13 C g-m	Dissolved
			collection	saturation	CO 2	vesicle	vesicle	CO 2	dissolved	saturation	(‰)	H 2 O (wt%)
			(bars)	(bars)	(ppm)	CO 2 (‰)	CO 2 (‰)	(ppm)	CO 2 (‰)	*		
	CH97 DR02	1800	180	865	0			396	-10.8	4.8		0.474
	CH97 DR05	920	92	272	62	-7.80	26.10	114	-8.0	3.0	+0.2	0.503
	CH98 DR07	3000-3380	319	749	62	-4.10	19.76	348	-7.2	2.3	+3.1	0.215
	CH98 DR10	3100	312	769	88	-4.82	10.91	356	-10.2	2.5	+5.4	0.278
	CH98 DR11	3500-3640	357	773	158	-4.57	9.75	359	-7.8	2.2	+3.2	0.231
	CH98 DR12	4130-4230	418	932	70	-4.70	9.76	436	-8.6	2.2	+3.9	0.238
	CH98 DR15	3340-3840	359	856	169	-4.56	11.03	400	-7.0	2.4	+2.4	0.178
	CH98 DR17	4200-4500	435	1141	154	-3.69	11.59	535	-7.0	2.6	+3.3	0.359

Table 2 .

 2 New volatile data for Pitcairn submarine glasses

	Sample	Depth	P	P	δ 13 C of	Dissolved	δ 13 C of	Super-	Δ 13 C g-m	Dissolved
		(m)	collection	saturation	vesicle	CO 2 (ppm)	dissolved	saturation**	(‰)	H 2 O
			(bars)	(bars)	CO 2 (‰)*		CO 2 (‰)			(wt%)
	PN 02-04	1132	113	116	-12.95	26	-21.4	1.0	+8.5	0.893
	PN 02-05	1010	101	111	-13.86	22	-20.8	1.1	+6.9	0.877
	PN 03-01	2568	257	251	-9.31	106	-12.6	1.0	+3.3	0.932
	PN 03-02	2568	257	311	-10.76	128	-15.2	1.2	+4.4	0.961
	PN 03-03	2500	250	279	-10.62	110	-14.6	1.1	+4.0	0.989
	PN 03-04	2480	248	302	-11.50	110	-11.4	1.2	-0.1	0.820
	PN 03-05	2408	241	275	-6.65	121	-10.8	1.1	+4.1	0.888
	PN 03-06	2376	238	268	-6.70	121	-11.6	1.1	+4.9	0.881
	PN 03-07	2276	238	253	-6.99	110	-11.1	1.1	+4.1	0.886
	PN 03-08	2250	225	295	-6.96	110	-13.2	1.3	+6.2	0.927
	PN 03-10	2165	217	252	-7.55	99	-13.1	1.2	+5.6	0.636
	PN 03-11	1957	196	254	-6.95	99	-10.4	1.3	+3.5	0.655
	PN 14-06	1614	161	255	-7.93	99	-12.3	1.6	+4.4	0.665
	PN 14-07	1513	151	183	-8.19	66	-14.0	1.2	+5.8	0.657
	PN 14-08	1404	140	148	-9.54	29	-20.8	1.1	+11.3	0.991
	PN DR06-04	2910	291	284	-6.67	180	-11.5	1.0	+4.8	0.671
	PN 14-04	1705	171	220	-15.74	29	-23.1	1.3	+7.4	1.262

* Vesicle CO 2 δ

13 

C-values previously published in

Aubaud et al. (2006)

. The full composition of the gas phase obtained by crushing can be found in this reference. ** the volatile (CO 2 +H 2 O) supersaturation is calculated as the ratio P saturation /P collection (columns 3 and 4).

Table 3 .

 3 Summary table on comparative degassing styles

		under	saturation Super	vesicular	source δ 13 C-	closed	open-system at	kinetic	loss of 1st
		saturation		saturation	undegassed	value	system	isotopic	degassing	generation of
					samples			equilibrium		vesicle
	MORB	YES	YES	FREQUENT (1) 2πD43	constant	YES	rare, only seen	common	complete
					(2) 14°N	at -4‰		near hotspot	
					popping				
					rocks				
					(3) OT03-				
					09 sample				
	HOTSPOT NO	YES	NEVER	(1) Society	variable	YES	common	rare	partial,
					(2) Pitcairn	-4 to -6‰				never complete ?
	ARC	NO	YES	FEW	not found never been	YES	common	rare	complete ?
						observed				poorly
						but expected to				constrained
						be variable			

Table S1 .

 S1 Major element data for Pitcairn submarine glasses

	Sample	SiO 2	TiO 2	Al 2 O 3	FeO*	MnO	MgO	CaO	Na 2 O	K 2 O	P 2 O 5	Total
	PN02-05 48.27	3.29	15.17	9.74	0.12	5.91	9.21	3.71	1.41	0.70	97.83
	PN03-01 48.12	2.88	15.86	9.58	0.15	5.46	9.38	4.36	1.46	0.68	97.93
	PN03-02 48.42	2.94	15.98	9.39	0.14	5.37	9.44	4.27	1.46	0.66	98.06
	PN 03-03 48.30	2.96	15.96	9.42	0.20	5.33	9.47	4.29	1.47	0.63	98.02
	PN 03-04 49.46	3.23	14.57	9.93	0.10	5.28	9.77	4.49	1.02	0.68	98.52
	PN 03-05 48.27	3.12	15.30	9.86	0.19	5.14	9.97	3.85	1.40	0.48	97.59
	PN 03-06 48.18	3.07	15.46	9.58	0.21	5.32	9.78	3.96	1.45	0.59	97.59
	PN 03-07 48.20	3.13	15.59	9.72	0.13	5.27	9.94	3.91	1.44	0.56	97.87
	PN 03-08 48.72	3.37	16.04	9.53	0.13	4.78	8.62	4.36	1.71	0.69	97.94
	PN 03-10 51.17	3.08	15.14	9.78	0.08	5.75	8.86	3.61	0.84	0.53	98.83
	PN 03-11 49.20	3.45	15.39	9.35	0.19	4.65	8.97	4.21	1.56	0.70	97.67
	PN 14-04 55.14	2.29	15.44	9.68	0.21	2.66	5.70	4.47	2.40	0.98	98.97
	PN 14-07 51.14	3.10	15.06	9.57	0.09	5.60	8.87	3.64	0.90	0.44	98.41

Table S2 .

 S2 Step-heating results of the Atlantic MORB samples

	Sample	Mass (g)	C (ppm)	δ 13 C (‰)	C (ppm)	δ 13 C (‰)	C (ppm)	δ 13 C (‰)	H 2 O (ppm)
			900°C	900°C	1330°C	1330°C	1380°C	1380°C	
	CH97 DR02	0.4268	26.7	-24.5	98.7	-10.8	9.3	-14.7	4744
	CH97 DR05	0.3292	148.0	-20.8	27.7	-8.0	2.9	-17.1	5025
	CH98 DR07	0.3571	30.9	-24.7	89.0	-7.2	6.0	-22.4	2151
	CH98 DR10	0.3209	26.9	-22.3	92.0	-10.2	4.9	-21.7	2780
	CH98 DR11	0.3538	13.6	-27.7	96.0	-7.8	2.4	-17.0	2314
	CH98 DR12	0.3693	14.0	-25.6	110.5	-8.6	8.4	-8.6	2383
	CH98 DR15	0.3560	14.2	-17.3	108.2	-7.0	0.7	-9.6	1779
	CH98 DR17	0.3408	9.9	-20.0	139.5	-7.0	7.0	-7.0	

Table S3 .

 S3 Step-heating results of the Pitcairn submarine glasses

	Sample	Mass (g)	C (ppm)	δ 13 C (‰)	C (ppm)	δ 13 C (‰)	C (ppm)	δ 13 C (‰)	H 2 O (wt%)
			900°C	900°C	1300°C	1300°C*	1340°C	1340°C*	
	PN 02-04	0.3797	31.0	-16.7	5.7	-21.4	0.9	-21.4	8931
	PN 02-05	0.3713	38.8	-22.5	4.8	-20.8	1.3	-20.8	8774
	PN 03-01	0.4976	24.1	-16.8	28.9	-12.6	0	-12.6	9323
	PN 03-02	0.3564	44.4	-15.8	32.7	-15.2	2.0	-15.2	9611
	PN 03-03	0.3428	18.6	-23.0	28.7	-14.6	1.4	-14.6	9891
	PN 03-04	0.3489	14.1	-21.8	29.6	-11.4	0.3	-11.4	8204
	PN 03-05	0.3535	60.4	-9.4	32.6	-10.8	0.7	-10.8	8883
	PN 03-06	0.3523	102.9	-13.4	32.0	-11.6	1.0	-11.6	8808
	PN 03-07	0.3579	61.7	-13.0	28.2	-11.1	1.3	-11.1	8863
	PN 03-08	0.3543	57.2	-18.8	29.8	-13.2	0.7	-13.2	9268
	PN 03-10	0.3496	16.5	-21.2	26.4	-13.1	0.3	-13.1	6363
	PN 03-11	0.3743	102.6	-23.8	26.0	-10.4	1.0	-10.4	6553
	PN 14-06	0.3863	21.7	-16.7	25.5	-12.3	1.9	-12.3	6653
	PN 14-07	0.3788	7.9	-22.3	16.2	-14.0	1.6	-14.0	6570
	PN 14-08	0.3709	16.2	-18.5	6.1	-20.8	1.6	-20.8	9907
	PN DR06-04	0.3753	17.9	-20.2	45.7	-11.5	3.5	-11.5	6705
	PN 14-04	0.3627	23.5	-27.2	6.3	-23.1	1.7	-23.1	12623

*both steps at 1300 and 1340°C are cumulated for isotopic analysis

This review was motivated by discussions with Pierre Cartigny, Françoise Pineau,

determinations. Chemical Geology 147, 147-159.

Des Marais, D. J.,Moore, J. G., 1984. Carbon and its isotopes in mid-oceanic basaltic

alkalic series lavas. Journal ofPetrology 38, 

* the volatile (CO 2 +H 2 O) supersaturation is calculated as the ratio P saturation /P collection (columns 3 and 4).

Acknowledgements 1606

CO 2 are only in the PhD and are compiled here.

MacPherson and Mattey (1994) : all data have been retained. Pineau and Javoy (1994) : all data have been retained except sample Batch 1 exp 1 (total fusion). Stolper and Newman (1994): this study reports FTIR data on dissolved CO 2 and H 2 O in glasses. All data have been retained. Kingsley & Schilling (1995) : because the authors have used a bulk carbon extraction technique, these reported carbon concentrations are likely overestimates of the true high temperature magmatic dissolved carbon content. All these data have been discarded. Jendrzejewski et al. (1996a) : FTIR and step-heating data have been retained Dixon et al. (1997) : all FTIR data have been retained. Nishio et al. (1998) : results have been obtained by crushing in vacuum yielding vesicle CO 2 concentration and δ 13 C-value of CO 2 . All data are retained. Nishio et al. (1999) : results have been obtained by crushing in vacuum yielding vesicle CO 2 concentration and δ 13 C-value of CO 2 . All data are retained. MacPherson et al. (1999) : all step-heating results have been retained. Marty and Zimmermann (1999) : all vesicle δ 13 C-values have been retained. Newman et al (2000) : all FTIR data have been retained. Cartigny et al. (2001) : this study presents δ 13 C-values of vesicles by crushing and dissolved CO 2 by FTIR. All data have been retained. Note that the crushing efficiency is reported to be low and that the vesicle CO 2 contents are underestimated. Dixon and Clague (2001) : all FTIR data have been retained. Aubaud (2002) : the data of this PhD has been published for the most part in Aubaud et al. (2004Aubaud et al. ( , 2005Aubaud et al. ( , 2006)). The dissolved carbon concentration and δ 13 C-values of the Pitcairn samples and the volatile data of the Atlantic MORBs have not been published. The data are too few to be the subject of a specific publication and the data are reported here. They were obtained by the same step-heating method in the Paris stable isotope laboratory as described in Aubaud et al. (2004) and Pineau et al. (2004). Saal et al. (2002) : Data acquired by SIMS. All data from the glass matrix have been retained in this compilation. Dixon et al. (2002): all FTIR data have been retained. Simons et al. (2002) : all FTIR data have been retained. Aubaud et al. (2004) : this study reports analyses of 19 MORB for vesicles CO 2 and dissolved CO 2 and their corresponding δ 13 C-values. The technique used are vacuum crushing and incremental step-heating and mass spectrometry. All data are retained in this compilation. Pineau et al. (2004): vesicle data were obtained by crushing and dissolved carbon by stepheating data. All data on glasses have been retained. The data on aphyric samples (non-glassy material) have been discarded. Shaw et al. (2004) : all data obtained by step-heating have been retained. Cushman et al. (2004) : all data obtained by FTIR have been retained.

Supplementary Figures, Tables, and Text for "Carbon stable isotope constraints on CO 2 degassing models of ridge, hotspot and arc magmas" by Cyril Aubaud

This supplementary document contains:

-supplementary Figures S1 andS2; -supplementary Tables S1, S2 andS3; -supplementary Text explaining the choices made in compiling the data.

Supplementary Figure S1

The behavior of the gases present in the magma during degassing (gas-melt partitioning) is illustrated in the following section. I consider three cases: a basalt with 0.2, 1.0 and 4.0 wt% H 2 O. For simplification purpose, CO 2 is constant (6000 ppm CO 2 ). The concentration of other gases (N 2 , He, Ne, Ar, Kr, Xe) are calculated on the basis of chemical ratios measured in the popping rock 2πD43: 1) a C/ 4 He ratio of 29000 (Javoy and Pineau, 1991);

2) a 4 He/ 40 Ar ratio of 1.49 (Javoy and Pineau, 1991);

3) a N 2 / 40 Ar ratio of 46 (Javoy and Pineau, 1991); 4) a 4 He/ 20 Ne ratio of 10298 (Moreira et al., 1998); 5) a 4 He/ 84 Kr ratio of 3.14 10 5 (Moreira et al., 1998); 6) a 4 He/ 129 Xe ratio of 4.88 10 6 (Moreira et al., 1998).

These ratios are also considered constant in the three cases considered here. With these ratios and the concentration of CO 2 (6000 ppm), the concentration of all gases can be computed.

VolatileCalc (Newman and Lowenstern, 2002) is used to calculate the degassing paths of the three magmas. The software calculate the evolution of dissolved CO 2 and H 2 O as the pressure decreases. The concentration of CO 2 and H 2 O in vesicles are calculated by mass balance.

The partitioning of trace gases (N 2 , He, Ne, Ar, Kr, Xe) are calculated with the known solubilities of these gases: S N2 : 2.21 10 -9 mol/g/bar (Libourel et al., 2003); S He : 2.50 10 -8 mol/g/bar (Jambon et al., 1986); S Ne : 1.12 10 -8 mol/g/bar (Jambon et al., 1986); S Ar : 2.63 10 -9 mol/g/bar (Jambon et al., 1986); S Kr : 1.34 10 -9 mol/g/bar (Jambon et al., 1986); S Xe : 7.59 10 -10 mol/g/bar (Jambon et al., 1986).

All ratios are computed with the following mass balance equations (the CO 2 /He ratio is taken as an example, but these equations applied to all CO 2 /gas ratios):

(CO 2 /He) vesicles = S He /S CO2 × (CO 2 /He) dissolved

The calculations are shown in the spreadsheet #2 of the Supplementary Dataset.

The results are shown in Figure S1 : These diagrams show that CO 2 is the main gas in vesicles (Figure S1B-D-F), thus the only gas responsible for bubble nucleation. Water can reach a concentration in vesicles that is higher than that of CO 2 only at low pressure and for water-rich magmas (Figure S1F). All other gases are present in vesicles but in trace amounts. 

Supplementary Figure S2

Supplementary Text : Methods for building the database used in this study

In the following, I comment for each reference the choice that has been made to keep or discard carbon concentration and isotopic data.

As a first step in this compilation, the data were downloaded from the PetDB database (www.earthchem.org/petdb) on 01, December 2020 using the presence of CO 2 analysis as a criterion. It was then screened for non-glass data and completed by references that are missing in PetDB but relevant to this compilation. Craig (1953) : this study was the first attempt to analyze carbon and its stable isotopes in basalts. The extraction technique was a bulk extraction and therefore it did not separate low temperature contamination carbon from indigenous magmatic carbon. The data are thus discarded for this compilation. [START_REF] Hoefs | Ein beitrag zur isotopengeochemie des kohlenstoffs in magmatischen gesteinen[END_REF] : the results of this study have been discarded because they have been produced by a bulk extraction technique. Killingley and Muenow (1975) : they extract all volatiles from basalts (submarine glasses from Hawaii) by Knudsen cell dynamic-mass spectrometer system. The technique consists in a heating cell (Mo furnace) allowing release of volatiles as vapor that is admitted in a source, ionized and analyzed with a quadrupole mass spectrometer. The heating and released of volatile is performed on a large range of temperature allowing released pattern to be studied.

For carbon only mass 44 is analyzed yielding a C concentration. Isotopes are not measured by this technique. Although this technique may give pertinent results for H 2 O and S, Killingley and Muenow (1975) recognized that carbon dioxide «showed no consistent pattern of release ». They observed a peak in the temperature range 700-900°C corresponding to « burst of ruptured vesicles ». They acknowledge that « the high instrumental background of mass peak m/z=44 above 800°C made the determination of sample CO 2 difficult » (Killingley and Muenow, 1975). Indeed, later comparison of this technique with that of step heating [START_REF] Des Marais | Carbon abundance measurements in oceanic basalts: the need for a 1752 consensus[END_REF] showed that the results obtained with Knudsen cell dynamic-mass spectrometry are problematic and questionable. After a series of studies, this technique was rapidly abandoned. The carbon results of this study are thus discarded. Pineau et al. (1976) : in this study, carbon was extracted from submarine glasses by different methods : (1) phosphoric acid on powders (2) crushing (3) step-heating under vacuum (400, 600 and 1000°C). The phosphoric acid is efficient to extract CO 2 from carbonates (marine carbonates) and may open some vesicles as well but is not appropriate to give information on magmatic carbon in basaltic glasses. At best, it may give a mix of carbonates and vesicle CO 2 but not CO 2 from a pure separated phase. These results are thus discarded. The step-heating method used by this study uses a maximum temperature of 1000°C, too low to extract the dissolved carbon component. These results are thus discarded as well. Only the crushing in vacuum experiments yielded vesicle CO 2 with meaningful δ 13 C-values. These are the only results retained in the compilation. Moore et al. (1977) : This study extracted vesicle CO 2 by crushing in vacuum, freezing separation and measured the δ 13 C-values of CO 2 by mass spectrometry for three samples.

They put relatively large quantities (27-71 g) of large chunks of clean glass in a stainless steel crushing tube. It is attached to a vacuum system and evacuated for 24 h and heated to 100-200°C to desorb adsorbed gases. Then the gas is liberated at room temperature by collapsing the tube. The released gas is trapped at liquid nitrogen and cryogenically separated from other gases. Pure CO 2 is then analyzed by a gas source mass spectrometer. As this method is valid to characterize vesicle CO 2 , the three results obtained have been retained in the compilation. Delaney et al. (1978) : the carbon contents reported by this study have been obtained by the same method as Killingley and Muenow (1975). They have been discarded. Garcia et al. (1979) : the carbon contents reported by this study have been obtained by the same method as Killingley and Muenow (1975). They have been discarded. Muenow et al. (1979) : the carbon contents reported by this study have been obtained by the same method as Killingley and Muenow (1975). They have been discarded. Muenow et al. (1980) : the carbon contents reported by this study have been obtained by the same method as Killingley and Muenow (1975). They have been discarded. Harris (1981) : the carbon results of this study have been obtained by a bulk extraction heating technique. They have been discarded. Rison and Craig (1983): the carbon results of this study have been obtained by a bulk extraction heating technique. They have been discarded. Byers et al. (1983): the carbon contents reported by this study have been obtained by the same method as Killingley and Muenow (1975). They have been discarded. Pineau and Javoy (1983) : in this study, carbon has been extracted by three methods : (1) vacuum crushing (2) acid attacks and (3) one step fusion experiment. As stated previously (see above for Pineau et al. 1976), acid attack is not appropriate to extract magmatic carbon.

The results of the experiments are discarded. The single step fusion experiment mixes low temperature carbon (contamination carbon), vesicle and dissolved carbon and is therefore not able to separate magmatic carbon from non-magmatic carbon and among magmatic carbon to separate vesicle from dissolved. The results from these experiments are discarded. Only the crushing in vacuum gives usable results (their table 3) that are retained in the compilation. Byers et al. (1984): the carbon contents reported by this study have been obtained by the same method as Killingley and Muenow (1975). They have been discarded.

Des Marais and Moore (1984) : they use step heating on coarse fractions and sieve fractions.

Since they do not perform a step at 900-1000°C, the vesicles present in the coarse chunks are not opened and the high temperature step is a mix of dissolved and vesicles carbon. The results obtained on coarse fractions (chunks) have been discarded. To select the dissolved carbon only, we retain in the database only the step-heating results on samples that have been sieved. Mattey et al (1984) : In this study, they mostly performed step-heating at 400, 600, 800, 1000 and 1200°C. In some experiments, some steps are omitted which affect the result and its interpretation. The high resolution sample extracted at 50°C increments show that contamination carbon occurs below 500-600°C, vesicle CO 2 is extracted at ca. 800°C and dissolved CO 2 at 950-1100°C. Therefore, for the low resolution sample, we take as dissolved carbon the addition of 1000 and 1200°C steps. When the 800°C is omitted, the 1000-1200°C steps also include vesicle carbon and therefore this analysis is discarded because both phases are mixed. Samples MV15249, 2960M, and 5000M are discarded. Note that three Mariana samples are andesite. Sample mass and fraction size are not reported. Typical mass is 100 mg.

Since crushing is not mentioned in the preparation glass chunks of 100-200 mg are inferred and correspond to coarse grains. Sakai et al. (1984) : they use the step-heating/manometry/mass spectrometry technique.

Experiments were done on 100-500 mg of a grain size going up to 5 mm in diameter (so rather coarse size for MORBs having generally small vesicularity and small vesicle size: 10-100 micrometers). 2 that the data are a mix of low temperature carbon and vesicle CO 2 . Only the sample 714-1-A (Galapagos Ridge) has been discarded because the step at 700°C has not been performed.

Steps of the

Uncertainty in δ 13 C-value is ±0.3‰. Concentrations are ±5% relative. The two Juan de Fuca ridge sample studied are non-glassy, microcrystalline inner portion of pillow lavas so that are degassed and discarded from this compilation. Fine and Stolper (1985/86) : they report the first measurements of dissolved carbon by FTIR and calibration of molar absorption coefficient in this paper. They have analyzed 16 samples (MORB, OIB and ARC) and obtained dissolved carbon. All data have been retained in the compilation. Byers et al. (1986) : the carbon contents reported by this study have been obtained by the same method as Killingley and Muenow (1975). They have been discarded. Exley et al. (1986) : they analyzed 9 Loihi seamount samples and 11 MORB samples. They performed the same steps as in Mattey et al. (1984). We have considered that the steps 1000 and 1200°C correspond to dissolved carbon. The reader must note however that there is little variation between the 800-1000-1200°C steps in terms of δ 13 C-value and that vesicle and dissolved carbon may be not well separated. This paper has been the subject of a comment by Craig (1987) and a reply by Exley et al. (1987). But the content of the comment does not fundamentally question the results obtained by Exley et al. (1986). All data are retained in the compilation. Marty and Jambon (1987) : they report δ 13 C-values of CO 2 extracted by crushing and measured by mass spectrometry. These data have been retained. Aggrey et al. (1988a) : the carbon contents reported by this study have been obtained by the same method as Killingley and Muenow (1975). They have been discarded. Aggrey et al. (1988b) : the carbon contents reported by this study have been obtained by the same method as Killingley and Muenow (1975). They have been discarded. Dixon et al., 1988 : all FTIR results are valid and retained in the compilation. In this study, several reported dissolved CO 2 concentrations are from devitrified or partially devitrified samples. Most undersaturated samples correspond to this category. We have therefore discarded these seven samples in the database (samples TT170-5A, TT175-40-3, TT175-54-4, TT175-89, TT175-61-11, JLK 70-16-5-23, TT063-34-7). Mattey et al. (1989) : the dissolved carbon contents have been obtained by step-heating. All data have been retain. Yonover et al. (1989) : the carbon contents reported by this study have been obtained by the same method as Killingley and Muenow (1975). They have been discarded. Hoschstaedter et al. (1990): this study reports CO 2 and H 2 O measured by FTIR on submarine glasses. All data have been retained. Dixon et al. (1991) : all data obtained by FTIR have been retained Javoy and Pineau (1991) : the vesicle data of the popping rock 2πD43 have been retained. Alt et al. (1993) : a few vesicle CO 2 δ 13 C-values have been obtained by crushing. These data have been retained. Blank et al. (1993) : because the step-heating results of their Table 2 have been obtained without a 800-900°C step on coarse size fraction, the high temperature step is a mixture of vesicle CO 2 and dissolved carbon. These data have been discarded. Only the data obtained on crushed fractions (their table 3) have been retained. Jendrzejewski (1994) : this is the original PhD work that has been partly published in Jendzejewski et al (1996aJendzejewski et al ( , 1996bJendzejewski et al ( , 1997)). The isotopic data on dissolved carbon and vesicle Aubaud et al. (2005) : this study presents analyses of concentration and δ 13 C-values of vesicles CO 2 in alkalic basalts and trachytes from Society hotspot seamounts. The data were obtained by crushing in vacuum and mass spectrometry and they are all retained in this compilation. Macpherson et al. (2005) : this study reports dissolved CO 2 data on submarine glasses obtained by step-heating. All data have been retained. Aubaud et al. (2006) : this study presents analyses of concentration and δ 13 C-values of vesicles CO 2 in alkalic basalts to trachytes from Pitcairn hotspot seamounts. The data were obtained by crushing in vacuum and mass spectrometry and they are all retained in this compilation.

Le Roux et al. (2006) : all data obtained by SIMS on glass matrix have been retained. Workman et al. (2006) Le Voyer et al. (2019) : this study reports 753 new data on MORB by SIMS. All are retained except samples with an incredibly high calculated supersaturation (up to 37!) for which we suspect an analytical problem(?). Melt inclusions are discarded. Graham and Michael (2020) : this study reports dissolved CO 2 and H 2 O data obtained by FTIR for submarine glasses. All data have been retained.