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ABSTRACT 16 

CO2-bearing fluid inclusions (FI) from granulites have been the main advocate for an active role of 17 

fluids during high-temperature metamorphism, yet the fluid regime of the deep crust and the role of 18 

fluids remain largely debated topics. In this dispute, one of the most controversial issues is the timing 19 

of FI entrapment relative to peak metamorphic conditions. Here we investigate three world-renowned 20 

high- to ultra-high temperature metamorphic terranes to evaluate the fate of primary CO2 and COH 21 

fluid inclusions certainly trapped during the prograde path. Fluid inclusions coexist along with 22 

nanogranitoids in peritectic garnet. Combination of cutting-edge techniques indicates that the FI are 23 

composed of fluid and aggregates of solid phases. The latter usually comprises siderite, ferroan 24 

magnesite, pyrophyllite, calcite, corundum, quartz, and in some cases kaolinite, dolomite, biotite and 25 

muscovite. In the fluid phase, low-density CO2 is the most common component and no free H2O has 26 

been detected. Methane and N2 may be also present. The high proportion of solids in the FI with 27 

carbonates and OH-bearing phases cannot have precipitated as daughter phases directly from a simple 28 

COH-fluid as daughter phases. These minerals require additional cations (e.g. Fe, Mg, Ca, Al, Si) 29 

which may be dissolved in very small amounts in crustal fluids and yet are very abundant in the host. 30 

The solids, therefore, imply that the initial composition of high-density carbonic inclusions must have 31 

been changed by the interaction with the host garnet during cooling. Thermodynamic modelling of 32 

such fluid-garnet interaction demonstrates that the assemblages found in FI are metastable and that, 33 

whatever retrograde path is followed by the host rock, primary C-bearing FI must change their nature 34 

to a multiphase assemblage of stepdaughter minerals as a natural consequence of cooling. It follows 35 

that supposed primary unmodified FI in garnet previously reported in the literature are, in most cases, 36 

secondary, retrograde features whose low temperature of entrapment inhibited fluid-host interaction. 37 

Our finding undermines the main pillar of the theory of carbonic fluid-assisted metamorphism (the 38 

presence of superdense CO2 inclusions in granulites), but at the same time it offers a novel perspective 39 

to identify prograde COH fluids in the deep hot crust.  40 

 41 
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1. Introduction  44 

Crustal melting and ascent of anatectic melts towards Earth’s surface represent an efficient 45 

way to mobilize incompatible elements (including volatiles) and promote the chemical differentiation 46 

of the continental crust (Sawyer et al., 2011). Melting conditions and dynamics in the crust are deeply 47 

affected by the fluid regime. However, the role that fluids play during high-temperature crustal 48 

processes is still a largely debated topic. On one side, theories arguing for a dry lower crust and 49 

predominant fluid-absent melting claim that anatexis mostly occurs in absence of a fluid phase at 50 

temperature ≥750-800 °C, through melting reactions involving the breakdown of hydrous minerals 51 

(fluid-absent or “dehydration” melting; Thompson, 1983; Stevens and Clemens, 1993; Yardley and 52 

Valley, 1997). The other school of thought argues that fluids (aqueous and carbonic fluids, and, to a 53 

less extent, brines) are essential agents in anatexis and formation of residual granulites (i.e., fluids are 54 

present along the heating path or, at least, at metamorphic peak conditions; Newton, 1980; Touret, 55 

1985; Harlov et al., 2005; Santosh and Omori, 2008; Touret and Huizenga, 2012; Weinberg and 56 

Hasalová, 2015).  57 

The finding of CO2-rich fluid inclusions (FI) – i.e., small droplets of a fluid phase 58 

encapsulated into rock-forming minerals (Roedder, 1979; Hollister and Crawford, 1981; Bodnar, 59 

2003) – has been considered the most solid evidence of the presence of a fluid phase during crustal 60 

metamorphism (Touret and Olsen, 1985; Santosh et al., 2008; Touret and Huizenga, 2011), and has 61 

led to propose the term “carbonic metamorphism”(Touret, 1971; Newton, 1980). Since FI represent an 62 

important piece of the puzzle to elucidate controversies on the nature of fluid regime, it is fundamental 63 

to have sound constraints on the timing of their entrapment and a good control on (possible) later 64 

changes, otherwise any further interpretation may be flawed. In particular, an essential microstructural 65 

distinction is between primary and secondary FI (Boadnar, 2003; Roedder, 1984). Primary inclusions 66 

are entrapped during host mineral growth, whereas secondary ones are formed at any time after host 67 

formation, often when a crystal fractures and a fluid enters the cracks, or during dynamic 68 
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recrystallization (Johnson and Hollister, 1995). The two different types of occurrence provide totally 69 

different petrological information. 70 

Although FI are reported in most abundant minerals in high-grade metamorphic rocks, the 71 

majority of studies (e.g. Touret, 1971; Sarkar et al., 2003) examined FI in quartz because this host 72 

does not react with the fluid and it is a ubiquitous phase in metamorphic rocks from all grades. 73 

However, inclusions in quartz may be incorporated at any stage of re-crystallization, or, their chemical 74 

composition can be modified as result of deformation and grain boundary migration (Johnson and 75 

Hollister, 1995). This explains why much uncertainty exists about the timing of FI entrapment in 76 

quartz in granulites relative to peak metamorphic conditions. Rather than quartz, the most reliable 77 

witnesses of fluids operating during deep crustal metamorphism are primary FI inclusions within 78 

peritectic minerals (such as garnet, cordierite and orthopyroxene), because these hosts, by definition, 79 

are the solid products of high temperature prograde melting reactions. 80 

Solid phases within FI hosted in diverse minerals of granulites have been reported in several 81 

studies (Supplementary Table S1), and garnet is the most common host. Carbonates have been 82 

recognized in many of these occurrences, and rarely OH-bearing minerals and salts. Despite their 83 

apparent ubiquity, solid phases have received only little attention and their precise identification is 84 

often not reported (Touret and Huizenga, 2011; Vry and Brown, 1991; Ohyama et al., 2008), and not 85 

investigated further. Solids have been interpreted as daughter phases (precipitated directly from the 86 

entrapped fluid; Bolder-Schrijver et al., 2000), as step-daughter (when the precipitation results from 87 

fluid-host interaction; Vry and Brown, 1991; Kleinefeld and Bakker, 2002), and as a fluid + solid 88 

mixture infiltrated from an external source (Tsunogae et al., 2008). The different interpretations have 89 

diverse petrological consequences. Therefore, it is paramount to understand the nature of these phases 90 

and what are the meaning and implications of their presence to the behaviour and fate of fluid 91 

inclusions in high-grade rocks. 92 

In this contribution, we investigate primary, multiphase COH-bearing FI coexisting with 93 

nanogranitoids (former melt inclusions; Cesare et al., 2015) in peritectic garnet from three world-94 

renowned high- to ultra-high temperature metamorphic terranes [the Ivrea Zone (NW Italy), the Gruf 95 

Complex (Central Alps) and the Athabasca granulite terrane (Canada)] to evaluate the metamorphic 96 
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history of such inclusions in these terranes. First, we characterize in detail the multiphase FI, then we 97 

discuss post-entrapment changes and re-speciation during cooling that modify the original 98 

compositions of the fluid trapped during melting. Finally, we examine the implications of our findings 99 

for a reassessment of primary FI in garnet from high-grade rocks. 100 

 101 

2. Results 102 

2.1 Studied samples  103 

Studied rocks are migmatite and granulite samples in which peritectic garnet was formed as 104 

result of incongruent partial melting and multiphase inclusions are clearly primary in origin.  105 

Samples from the Kinzigite Formation (Ivrea Zone, IZ) are a metapelitic stromatic metatexite 106 

from the Transition zone (Fig. 1a) and a diatexite from the Granulite facies zone. The stromatic 107 

metatexite has a strongly foliated medium- to coarse-grained melanosome with abundant biotite, 108 

garnet, fibrolitic to prismatic sillimanite, K-feldspar, plagioclase and quartz. In contrast, the diatexite 109 

is coarse grained, contains quartz, K-feldspar, plagioclase, garnet, prismatic sillimanite and minor 110 

biotite. In both rocks, the accessories are graphite, apatite, zircon, monazite and rutile. The samples 111 

contain garnet (Alm68-70Sp1-3Gr4-5Prp22-26; XMg (atomic Mg/Mg+Fe2+) = 0.20-0.28) with clusters of 112 

abundant multiphase inclusions in the core (Fig. 1b-c). For these studied samples, P–T conditions are 113 

inferred to have been 850–900°C and ~0.8–1.1 GPa (Carvalho et al., 2019). 114 

 115 
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Figure 1: Macro and microscopic aspect of studied samples from: a-c) Ivrea Zone, d-f) Gruf Complex 116 

and g) Athabasca granulite. a) Stromatic metatexite with garnet, biotite and sillimanite melanosome 117 

(scale bar 2 cm). b) Anhedral garnet crystal with abundant inclusions in the core. c) Close up of a 118 

cluster of primary nanogranitoid and fluid inclusions in the core of garnet. d) Massive granulite 119 

containing large garnet porphyroblasts associated with a matrix of sapphirine, orthopyroxene, 120 

cordierite, biotite and K-feldspar (scale bar 2 cm). e) Small garnet crystal with melt (glassy), 121 

nanogranitoid and fluid inclusions. f) Close up of the same cluster of primary nanogranitoid and fluid 122 

inclusions. g) Subhedral garnet with large nanogranitoid and small dark fluid inclusions. White and 123 

black arrows point to nanogranitoid and fluid inclusions, respectively. The zonal arrangement shown 124 

by the inclusion clusters is unquestionable evidence for primary trapping (Roedder, 1979).  125 

 126 

The investigated granulitic rock from the Gruf Complex (Central Alps) consists of a dark, 127 

massive granofels containing large garnet (up to 2 cm) and sapphirine (up to 5 mm) porphyroblasts, 128 

associated with a matrix of orthopyroxene, cordierite, biotite, spinel and K-feldspar (Fig. 1d). 129 

Porphyroblastic garnet contains, in the same clusters, numerous inclusions of hydrous glass bearing a 130 

CO2 shrinkage bubble and multiphase inclusions (Fig. 1e-f). Garnets are dominated by almandine-131 

pyrope solid solutions (compositional ranges: Alm40-60Prp26-55Sps0-4Grs2-12, XMg = 0.30-0.58). These 132 

granulites were interpreted to have formed at ultra-high temperature conditions of T = 920–940 °C and 133 

P = 0.85–0.95 GPa (Galli et al., 2011). 134 

The sample from the Athabasca granulite terrane (Canada) is a fine-grained migmatitic 135 

paragneiss that formed as a result of Neoarchean biotite incongruent melting at 800–950 °C and 0.6–136 

1.4 GPa (Dumon et al., 2015; Tacchetto et al., 2019). The rock is composed of quartz, ternary feldspar, 137 

garnet, sillimanite, kyanite, minor plagioclase and biotite. Garnet porphyroblasts (Alm61-64Sps1Gr4-138 

9Prp30-33, XMg = 0.32-0.35) are poikilitic with abundant mineral (mostly quartz) and multiphase 139 

inclusions (Fig. 1g). Graphite, rutile, zircon, monazite and apatite are accessories.  140 

 141 

2.2 Characterization of the multiphase fluid inclusions 142 
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A combination of petrography, backscattered and secondary electron (BSE) imaging and 143 

micro-Raman investigations showed in all three localities the presence of two types of primary 144 

multiphase inclusions coexisting in the same clusters, regularly distributed in the garnet cores (Fig. 1). 145 

Under the optical microscope, one type of multiphase inclusions is darker, with crystals showing very 146 

high birefringence under cross-polarized light, and another type is light-coloured, with relatively lower 147 

birefringence of its components. These are respectively fluid and nanogranitoid (NI) inclusions (Figs. 148 

1c, f and g). Nanogranitoids (Cesare et al., 2015) are former melt inclusions, now crystallized into a 149 

cryptocrystalline aggregate of quartz, feldspars and micas (see examples of nanogranitoids in 150 

supplementary Fig. S1). In this study, we have investigated in detail the coexisting multiphase FI. 151 

They are usually smaller than the NI (especially in the case of the Athabasca sample, see Fig. 1g), but 152 

they may reach similar sizes (mostly up to 15 µm). A negative crystal shape is common; however, 153 

some irregular or sub-spherical inclusions are also found. Very few of them may show evidence of 154 

decrepitation such as small tails, microcracks and decrepitation halo. 155 

From all studied FI in the three localities, only one inclusion (in a sample from Athabasca) has 156 

shown the presence of a pure CO2 fluid phase (without solids). Instead, the great majority of inclusions 157 

is composed of fluid and multiple solid phases (Figs. 2 to 5).  158 

 159 

 160 
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 161 

Figure 2: Representative Raman spectra (cm-1) of the multiphase fluid inclusions from a-g) Ivrea 162 

Zone, h-l) Gruf Complex and Athabasca granulite (k-n). a) CO2-rich fluid inclusion. b) CH4-rich fluid 163 

inclusion. c) Mixed spectrum of siderite and pyrophyllite. d) Pyrophyllite. e) Kaolinite. f) Mixed 164 

spectrum of ferroan magnesite and pyrophyllite. g) Mixed spectrum of calcite, pyrophyllite and 165 

graphite. h) Mixed spectrum of ferroan magnesite, muscovite and CO2. i) Muscovite. j) Pyrophyllite. l) 166 

Mixed spectrum of ferroan magnesite, corundum and muscovite. k) Pyrophyllite. m) Corundum. 167 

Asterisks (*) represent the Raman peaks of the host garnet. 168 

 169 
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170 

Figure 3: Raman maps of unexposed multiphase fluid inclusions; inset are photomicrographs of the 171 

mapped inclusions. Abbreviations are found in Table 1. a-b) Ivrea Zone, c) Gruf Complex, and d) 172 

Athabasca granulite.  173 

 174 

In the three case studies, CO2 is the most common component of the fluid, and no free H2O 175 

has been detected in the FI. Micro-Raman spectroscopy has shown the presence of CO2, CH4 and N2 in 176 

samples from Ivrea Zone and Athabasca, and only of CO2 in the sample from Gruf (Fig. 2). Raman 177 

spectra of the inclusions were used to estimate the relative amounts of components in the fluid, the 178 

CO2 densities  and the composition of the Fe-Mg carbonates. For all details on the analytical methods 179 

used in this work, please see supplementary material Methods. 180 

 181 

 182 
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183 

Figure 4: SE images of inclusions and associated phases exposed during FIB-SEM analyses. 184 

Abbreviation are found in Table 1. a) Ivrea Zone, b) Gruf Complex, and c) Athabasca granulite.  185 

 186 

Fluid inclusions in metapelites from Ivrea Zone have variable compositions and densities, and 187 

different proportions of fluid species may be observed in a single sample (i.e. inclusions may be CO2-188 

rich, up to 92 mol.%, or CH4-rich, up to 76 mol.%, see Fig. 2a and b). CO2 densities vary from 0.1 to 189 

0.6 g/cm3 (average 0.4 ± 0.2 g/cm3). The most common solid phases identified in the inclusions are 190 

siderite (Fe# 69-74; Figs. 2c, 3a and 3b), pyrophyllite (Figs. 2c-d, 3a and 3b), kaolinite (Figs. 2e, 3a 191 
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and 3b), graphite (Figs. 2g and 3b), and in a few cases ferroan magnesite (Fe# 26-46; Figs. 2f and 3a) 192 

and calcite (Figs. 2g and 3b). Although not confirmed by Focused Ion Beam (FIB) SEM or Raman 193 

mapping, the presence of corundum has been suggested by the peak 416 cm-1, in mixed spectra with 194 

magnesite and pyrophyllite. The relative proportions of the solids and the volume left to fluid in three 195 

representative multiphase inclusions were determined by FIB serial sectioning (Table 1, Figs. 4 and 5). 196 

Inclusions contain higher modal proportions of OH-bearing phases (pyrophyllite and kaolinite) over 197 

the carbonates, with small proportions of quartz (Table 1). Solids may comprise up to 67% of the 198 

cavity (i.e. inclusions are not completely filled with crystals and contain 33-48% fluid-filled porosity). 199 

The pyrophyllite and kaolinite occur as well-developed plates whereas carbonates are anhedral (Figs. 200 

4a and 5a). Graphite usually occurs as plates (Figs. 4a and 5a), however, irregular crystals 201 

(Supplementary Fig. S2) are also present. Trapped crystals of monazite and rutile were also observed 202 

in some inclusions.  203 

 204 

 205 

Table 1: Composition of fluid inclusions investigated by FIB serial sectioning. Volume of solids are 206 

normalized to the total amount of solid phases present in the same inclusion.  207 

 208 

The residual fluid within the multiphase inclusions of the sapphirine-bearing granulites from 209 

the Gruf Complex is predominantly CO2-rich and its calculated density ranges between 0.2 and 1.0 210 

g/cm3 (average 0.6 ± 0.2 g/cm3). Ferroan magnesite (Fe# = 20-50, Figs. 2h and 3c) is the most 211 

common carbonate, although siderite, and calcite may also occur (Figs. 4b and 5b, Table 1). OH-212 
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bearing phases such as muscovite (Figs. 2h,i and 3c) and pyrophyllite (Figs. 2j and 3c) were observed 213 

together with corundum (Figs. 2l and 3c). EDS analyses during serial sectioning of the inclusion 214 

confirmed the presence of muscovite and also indicated the occurrence of biotite and a sulphur-rich 215 

iron phase (Figs. 4b and 5b). Additionally, kaolinite was suggested by Raman mapping, but not 216 

confirmed by the serial sectioning. The explanation envisaged is that the size of the crystal was too 217 

small to produce a clear EDS spectrum. Crystals are in general subhedral to anhedral, muscovite 218 

appears platy to fibrous, whereas siderite is euhedral (Figs. 4b and 5b). In this case, the estimated 219 

fluid-filled porosity account for 24% of the inclusion.  220 

 221 

Figure 5: 3D reconstruction of inclusions sectioned using the FIB-SEM. a) Ivrea Zone, b) Gruf 222 

Complex, and c) Athabasca granulite. 223 

 224 
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The FI in the Athabasca granulite contains a fluid predominantly composed of CO2 (96.5 225 

mol.%), and only traces of N2 (3.3 mol.%) and CH4 (0.2 mol.%). Densities vary from 0.5 to 0.7 g/cm3; 226 

the highest density of 0.9 g/cm3 was measured in the only inclusion that has shown pure CO2 227 

composition (and no solids). In the inclusions analysed by FIB-SEM, the proportion of solids varies 228 

from 11 to 60%, and the most common are euhedral to subhedral ferroan magnesite (Fe# = 20-35, 229 

Figs. 4c and 5c) which occurs as larger crystals together with quartz, corundum and thin lamellae of 230 

graphite (Figs. 2k, 2m). Pyrophyllite (Figs. 2k, 4c and 5c), dolomite and Zn-spinel were also 231 

identified. The relative proportions of phases are presented in Table 1. 232 

3. Discussion 233 

3.1 Origin and significance of the multiphase fluid inclusions 234 

Our study shows the systematic occurrence of multiphase “fluid” inclusions, in all the three 235 

localities analysed. The inclusions contain a CO2-dominated fluid phase, Fe-Mg carbonates and Al-236 

phyllosilicates as solid phases. Carbonates (e.g. magnesite, siderite, calcite and dolomite) have been 237 

recognized in many other occurrences in the literature (Supplementary Table S1), and a few cases also 238 

show the presence of OH-bearing minerals (e.g. pyrophyllite, kaolinite, chlorite).  239 

As a first hypothesis, one could argue that the solid phases observed in this study could have 240 

been trapped as solid minerals with the fluid. However, such phases, except for quartz (and biotite in 241 

the case of Gruf), are not observed in the matrix of the rocks, and are also incompatible with the P–T 242 

conditions of entrapment, therefore such interpretation is highly improbable. In addition, the 243 

systematic association and the fairly constant abundance ratios of the minerals in the multiphase 244 

inclusions is at odds with the random entrapment of solid inclusions. An alternative explanation is that 245 

they represent daughter minerals, crystallized directly from the trapped fluid. However, such complex 246 

assemblages would require additional cations which have, non-negligible, but low solubility in COH 247 

fluid at conditions of interest (see below) and are instead abundant in the host garnet (Vry and Brown, 248 

1991).  249 

From the considerations above, we propose, as already envisaged for mantle rocks (Frezzotti 250 

and Ferrando, 2007; Berkesi et al., 2012), that carbonates and hydrates observed in the multiphase FI 251 

are step-daughter minerals formed by reaction of a CO2 (±H2O) fluid with the host garnet. During this 252 
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re-equilibration process, the initial fluid composition must have changed and the density decreased by 253 

the reaction with the host garnet during cooling.  254 

 We have used phase equilibria modelling in the simplified Ca-free FMAS-CO2-H2O system 255 

(see methods for details of the modelling) to reconstruct the post-entrapment behaviour of a COH fluid 256 

inclusion trapped in granulitic garnet (Fig. 6). The system is composed of a garnet (XMg = 0.2) and, in 257 

a first model, a coexisting pure CO2 fluid. In the second model, the fluid is a binary CO2-H2O solution 258 

with XCO2 = 0.7. The chosen composition was based on the mass balance estimates of CO2-H2O bound 259 

in the phases within one of the inclusions from the Ivrea Zone, and stoichiometric calculation of total 260 

consumption of the fluid (see details below). In agreement with the limited fluid available in the 261 

confined volume of a fluid inclusion, the two modelled systems involve a finite amount of fluid 262 

whereas garnet is in excess. Note that the pressure within the inclusion (a system with confined, albeit 263 

changing, volume) is not an independent variable but is related to temperature in a quasi-isochoric 264 

behaviour.  265 
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 266 

Figure 6: P–T pseudosections considering: a) Interaction of garnet and pure CO2 fluid under 267 

thermodynamic equilibrium. b) Interaction of garnet and pure CO2 fluid in a metastable system. c) 268 

Interaction of garnet and COH fluid (XCO2 = 0.7) under thermodynamic equilibrium. d) Interaction of 269 

garnet and COH fluid (XCO2 = 0.7) in a metastable system. Star represents the entrapment of the fluid 270 

by peritectic garnet at peak conditions, black dashed lines represent arbitrary cooling paths of the rock, 271 

thick grey lines represent density of the inclusion which decreases as reaction progresses, and red 272 

dashed line represent fluid-out curve. Sketch of evolution of assemblages in the models are also 273 

presented. 274 

 275 



 16 

During cooling after entrapment at peak conditions of 900 °C and 1.1 GPa (Ivrea Zone), the 276 

model predicts under equilibrium that the fluid inclusion containing pure CO2 interacts with the garnet 277 

to form an assemblage of Fe-Mg carbonate (Carb), kyanite (Ky), quartz (Q) and a residual fluid 278 

(narrow divariant field in Fig. 6a), with concurrent decrease of the internal pressure and temperature 279 

until all the fluid is consumed and the internal pressure is virtually zero (gray thick lines in Fig. 6). At 280 

P <0.5 GPa and T 350–550 °C kyanite is replaced by sillimanite (Sill) and andalusite (And). 281 

Polymorphs of Al2SiO5 have not been observed; instead, the association corundum and quartz 282 

(metastable counterpart of an Al2SiO5 polymorph) has been previously identified. Thus, we tested the 283 

possibility of metastable behaviour by suppressing the formation of Al2SiO5, and the results show that 284 

the association carbonate, corundum (Cor) and quartz can be produced by both clockwise and 285 

anticlockwise retrograde paths (black dashed lines in Fig. 6b). This is similar to what was observed for 286 

the pure CO2 inclusions in garnet (XMg = 0.33) from the Athabasca granulite (Tacchetto et al., 2019).  287 

In the equilibrium model considering a binary CO2-H2O fluid (Fig. 6c), by cooling after 288 

entrapment at peak conditions garnet starts to react with the coexisting fluid, forming at first an 289 

assemblage of carbonate + kyanite + quartz, similar to the earlier model presented here for a pure CO2 290 

fluid inclusion. This implies that CO2 is the first fluid component to react with garnet and to be 291 

consumed to form a Fe-Mg carbonate. At progressively lower T, more complex assemblages occur 292 

and include OH-bearing staurolite (St), chloritoid (Ctd), anthophyillite (Ant), talc (T) and chlorite 293 

(Clin) which were not identified in the studied inclusions. All the fluid is consumed at ~500°C (red 294 

dashed line in Fig 6c). In this model there is no evidence for the occurrence of pyrophyllite and 295 

kaolinite, which are instead regularly found together in the analysed FI from Ivrea. This model 296 

suggests that under thermodynamic equilibrium the fluid within inclusions reacts with garnet and is 297 

completely consumed, but the modelled products do not match the observations. 298 

Metastable mineral assemblages have been reported in previous studies on multiphase 299 

inclusions, and interpreted as due to the extremely small size of inclusions which inhibits the 300 

nucleation of stable phases (Roedder, 1971; Ferrero et al., 2016a). The presence of metastable 301 

corundum and quartz, instead of an Al2SiO5 polymorph, was also detected in the FI from Athabasca 302 

(see Fig. 2m and 4c, and Tacchetto et al., 2019), and has been suggested by Raman microspectrometry 303 
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in Ivrea (see above). Hence, in order to model the metastable behaviour also for the inclusions from 304 

Ivrea, we run the system of Fig. 6c allowing the occurrence of only the phases identified in the studied 305 

FI [i.e. carbonate, pyrophyllite (Prl), kaolinite (Kaol), corundum and quartz]. In other words, 306 

suppressing the nucleation of all possible other phases which would form under equilibrium. In such 307 

model considering metastability (Fig. 6d), the first assemblage to appear is carbonate + corundum + 308 

quartz + residual fluid, followed by carbonate + corundum + quartz + pyrophyllite + residual fluid, 309 

and finally the fluid-absent carbonate + corundum + pyrophyllite + kaolinite (sequence of assemblages 310 

is represented in Fig. 6d). The stability fields of these assemblages also comprise wide P–T ranges 311 

possible to be crossed both in clockwise and anticlockwise retrograde paths (black dashed lines in Fig. 312 

6d).  313 

The model sequence of fluid-consuming reactions that explain the formation of multiphase 314 

inclusions in garnet can be summarized in the following carbonation-hydration process:  315 

1) garnet + CO2 = carbonate + kyanite + quartz or garnet + CO2 = carbonate + corundum + quartz 316 

(Tacchetto et al., 2019) 317 

2) corundum + quartz + H2O = pyrophyllite  318 

3) pyrophyllite + corundum + H2O = kaolinite 319 

These reactions can be balanced within a closed system represented by the COH inclusion and 320 

its garnet walls. 321 

In the model, the fluid becomes acqueous with cooling and carbonate formation by reaction 322 

(1), and is completely consumed at 350°C after reaction (3) (red dashed line in Fig. 6d). This is in 323 

contrast to our observations in which a residual fluid is still present and it is either CO2-rich or CH4-324 

rich. Moreover, corundum has not been observed in all inclusions, along with carbonate, pyrophyllite 325 

and kaolinite in inclusions from Ivrea. Such divergences can result: i) from the simplified assumption 326 

that fluid consisted of a binary CO2-H2O system, ii) from the incomplete progress of reactions and iii) 327 

from the possibility that the XCO2 in the fluid was lower than in the model, so that kyanite or corundum 328 

were completely consumed to form pyrophyllite and/or kaolinite. Incomplete reactions forming step-329 

daughter phases were described in mantle xenoliths and their behaviour was attributed to the 330 

slowdown of kinetics at low temperatures (≤ 300°C, Berkesi et al., 2012). 331 
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From the presented models, four main conclusions are evident: 1) independently of the 332 

retrograde P–T path followed by the host rock, garnet and high-density COH-fluid are expected to 333 

react and form multiphase fluid inclusions composed of a low-density residual fluid + solid 334 

assemblage; 2) the solid assemblage observed in the small inclusions of this study is metastable; 3) 335 

CO2 is the first fluid component to be used up for the formation of carbonates, and 4) the starting H2O 336 

proportions of the fluid controls the preservation of kyanite or corundum + quartz. 337 

In their study of a similar occurrence of carbonate-silicate inclusions coexisting with 338 

polyphase silicate inclusions (i.e., nanogranitoids) in garnet from granulites of the Southern Marginal 339 

Zone, Limpopo Belt, Safonov et al. (2020) also interpret pyrophyllite and part of the carbonates within 340 

inclusions as step-daughter products of the reaction of a carbonic fluid with the host garnet. In 341 

addition, based on 2D raster chemical analyses of inclusions, they propose that the fluid trapped in the 342 

inclusions was enriched in Mg-carbonates – or even carbonate melts – and precipitated Mg-carbonate 343 

daughter phases even without interaction with the garnet host. In our study, the microchemical data 344 

obtained from carbonates show that an additional source of Mg is not required. Moreover, the 345 

solubilities of Mg-bearing species in COH fluids, albeit non-negligible, cannot explain the amounts of 346 

carbonates determined in our study: even using the high solubilities of Tiraboschi et al. (2018), which 347 

are two orders of magnitude greater than those reported by Safonov et al. (2020), the volume of 348 

carbonate that can precipitate as daughter phase is < 1% of the total volume of the inclusion. This 349 

amount of daughter carbonate is negligible when compared to that formed by reaction (1). 350 

Other solid phases have been detected in FI investigated in this work. They include rutile, 351 

monazite and graphite, which are also common accessory phases in the matrix of the rocks, and within 352 

the inclusions may show terminations partially enclosed in the host garnet. These minerals are 353 

interpreted as trapped phases –i.e., solid phases already present which likely favoured FI formation. 354 

However, in the case of graphite in Ivrea and Athabasca, small graphite flakes also occur completely 355 

inside the inclusions (e.g. graphite in Fig. 4c), and Raman investigation indicates in these cases the 356 

presence of both ordered and disordered peaks at 1580 and 1353 cm-1, respectively. Therefore, it is 357 

likely that some graphite may also have precipitated from the fluid, either forming overgrowths onto 358 

the trapped flakes and/or as small independent irregular crystals (Athabasca, Figs. 3d, 4c; Ivrea, 359 
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supplementary Fig. S2). The precipitation of graphite within inclusions is expected during cooling and 360 

decompression of graphite-saturated COH fluids (Cesare et al., 2007), and would require the presence 361 

of the additional CH4 component in the fluid, in agreement with the results of Raman spectroscopy.  362 

Concerning muscovite and biotite observed in the inclusions from the Gruf Complex but not 363 

in the other case studies, they require a potassium component which was not accounted for in the 364 

thermodynamic modelling. As an explanation for their presence we propose that the investigated 365 

inclusion represent former droplets of both silicate melt and fluid trapped together, in which the melt 366 

provided the potassium required for mica crystallization. These “mixed” inclusions are very common 367 

in the case of fluid-melt immiscible trapping (Cesare et al., 2007; Ferrero et al., 2014; Ferrero et al., 368 

2016b; Carvalho et al., 2019). 369 

The FIB-SEM serial sectioning showed that inclusions display highly variable solid/fluid 370 

ratios (solids comprise 11-60 % of the inclusion volume at Athabasca, 52-67 % in the Ivrea Zone and 371 

76% in the Gruf). A similar variability is well known for step-daughter minerals in multiphase 372 

inclusions (Frezzotti and Ferrando, 2007) and was observed in inclusions from other high-grade 373 

settings, e.g., anorthosites from the Dronning Maud Land, Antarctica (Kleinefeld and Bakker, 2002) 374 

and granulites from the Napier Complex, East Antarctica (Tsunogae et al., 2002). Thus, it is likely that 375 

post-entrapment changes through diverse reactions that occur during cooling are not uniform in all 376 

fluid inclusions, probably due to kinetic factors related to inclusion size, shape or roughness.  377 

The uneven/variable progress of reaction, showed by the variable solid/fluid ratio in different 378 

inclusions, determines at the same time the variable density of the fluid in the inclusions. In fact, in the 379 

inclusions the fluid density decreases due to CO2 and H2O consumption and formation of carbonates 380 

and phyllosilicates (represented as thick grey line in Figs. 6b and 6d). Theoretically, the fluid could be 381 

totally consumed, and its density drop to zero, if it was pure CO2 or a binary H2O-CO2 fluid with XH2O 382 

= 0.33 – 0.40 by reactions (1), (2) and (3). In reality, we always detected a carbonic residual fluid, 383 

with variable density, in the porosity of inclusions. This confirms that the fluid-host reaction was not 384 

complete, and/or that the initial fluid composition had an XH2O < 0.33. 385 

 386 

3.2 Origin and composition of the fluid 387 
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The occurrence of CO2-rich fluid inclusions in granulites is a common feature and the origins 388 

of the fluid, if externally or internally derived, is matter of debate (e.g. Touret & Huizenga, 2011 and 389 

references therein). The samples from Ivrea Zone and Athabasca contain considerable amounts of 390 

graphite (Carvalho et al., 2019; Tacchetto et al., 2019), therefore an internal origin for, at least, part of 391 

the carbonic component is implied. In both occurrences, such COH-bearing fluid may have been 392 

initially produced by devolatilization of hydrous silicates in the presence of graphite in the protolith 393 

(e.g. Connolly and Cesare, 1993). However, as the temperature increases at suprasolidus conditions, a 394 

potential additional internal source is the Fe3+ reduction during biotite melting accompanied by the 395 

oxidation of carbon and formation of CO2 (Hollister, 1988; Cesare et al., 2005).  396 

In the Ivrea Zone, an external origin from decarbonation reactions in the regional marbles and 397 

infiltration of CO2 from crystallizing mafic magmas is highly improbable (for details, see discussion in 398 

Carvalho et al., 2019). In contrast, the rocks from Athabasca, may have an additional external origin 399 

for the fluid because UHT metamorphism and anatexis were promoted by intraplating of mantle-400 

derived mafic magmas (Dumond et al., 2015). 401 

The sample from Gruf does not contain graphite and there are no carbonates or calc-silicates 402 

associated with granulites. Therefore, the fluid may have had an external origin. Proposed sources of 403 

CO2 in granulitic terranes are the degassing mantle and the crystallizing mantle-derived magmas at the 404 

lower crust (e.g., Newton et al., 1980; Touret, 1992; Santosh and Omori, 2008; Touret and Huizenga, 405 

2011). 406 

The original composition and density of the immiscible fluid within the multiphase inclusions 407 

have been modified by reaction with the host garnet and potentially by COH fluid re-speciation during 408 

cooling, leading to the formation of carbonates, phyllosilicates, graphite and a residual fluid, usually 409 

dominated by CO2, with traces of CH4 and N2, but without detectable free H2O.  410 

A qualitative evaluation on the composition of the original trapped fluid can be made by 411 

considering the phases found inside the inclusions (Roedder, 1984). Athabasca has higher proportions 412 

of carbonates than OH-bearing phases within the inclusions, whereas Gruf contains virtually the same 413 

proportion of carbonates and pyrophyllite (Table 1). In addition, in these two occurrences, the residual 414 

fluid is typically CO2-rich (and contains only traces of CH4 and N2 in the case of Athabasca, whereas 415 
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in Gruf those were not detected). In contrast, in the samples from Ivrea, inclusions contain higher 416 

volumes of the hydroxylated pyrophyllite and kaolinite (Table 1), and some contain a CH4 enriched 417 

residual fluid (Fig. 2b). These features suggest that, in the metapelites from Ivrea, although the initial 418 

fluid must also have had a predominant CO2 composition, it likely had considerable amounts of H2O, 419 

and also CH4 and N2 (which remain in the residual fluid composition). Instead, Athabasca and Gruf 420 

likely had higher initial CO2 contents in the fluid attending anatexis. This is consistent with the general 421 

decrease of the aH2O of the fluid with increasing T, given that the Ivrea migmatites recorded lower 422 

peak temperatures than in the other two localities. The higher contents of CH4 in the sample from 423 

Ivrea suggest that conditions of oxygen fugacity (fO2) were lower, or may result from re-speciation of 424 

the COH fluid inside inclusions. 425 

A more quantitative estimate on the composition of the fluid bounded in the step-daughter 426 

phases within the inclusions was made by a mass-balance approach using the volume estimates 427 

obtained by FIB-SEM serial sectioning. The volume of the different phases and the molar volume 428 

from the literature were used to obtain the number of moles of carbonates and OH-bearing minerals 429 

and, consequently the composition of the fluid in a model binary CO2–H2O system. In the samples 430 

from Ivrea, the fluid had XCO2 in the range 0.55 - 0.7, whereas in Athabasca the proportions were 431 

notably higher, >0.95. The inclusion from Gruf resulted in an XCO2 = 0.45. However, as mentioned 432 

above, this was probably due to the fact that hydrous phases precipitated from the silicate melt 433 

(muscovite and biotite) contributed to additional H2O in the inclusion.  434 

 435 

3.3. Implications for high-grade metamorphism  436 

The multiphase (fluid + solid) inclusions described in this study coexist with former melt 437 

inclusions (i.e. nanogranitoids). Both types of inclusions are found in clusters regularly distributed in 438 

the cores of the garnet (Fig. 1), suggesting an unquestionable primary coeval entrapment of fluid and 439 

melt during the growth of the peritectic host (Roedder, 1979; Cesare et al., 2015). We can therefore 440 

infer the presence of two immiscible fluids (melt + COH-bearing fluid) coexisting at the time of 441 

anatexis (i.e., a fluid phase was in excess during melting of these portions of continental crust). 442 
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In all three localities the assemblage currently observed in the multiphase inclusions is 443 

consistent with a retrograde reaction of the garnet host with the fluid trapped in the inclusions. Such 444 

process occurs in the presence of both pure CO2 and CO2-H2O (± CH4 ± N2) mixtures. The minerals 445 

produced by the reaction (Fe-Mg-Ca carbonates, corundum, quartz, Al2SiO5, pyrophyllite and 446 

kaolinite) generally reflect a metastable assemblage with respect to other hydrous silicates. Such 447 

metastability is interpreted to be a result of an easier nucleation of corundum, kaolinite and 448 

pyrophyllite in the small inclusion cavities. 449 

Phase equilibria modelling of fluid-garnet interaction also shows that, independently from the 450 

retrograde path followed by the host rock, primary COH fluid inclusions in peritectic garnet should 451 

change their nature to a multiphase assemblage of carbonate(s), Al-phyllosilicates, quartz, and kyanite 452 

or corundum as a natural consequence of cooling (Fig. 6). We argue that this behaviour is more 453 

general than considered so far, and that several of the occurrences of multiphase inclusions in classical 454 

granulite terranes reported in Supplementary Table S1 formed by such fluid-garnet retrograde reaction 455 

process.  456 

These results cast doubts on the significance of several occurrences of primary-claimed 457 

“superdense” CO2 inclusions in granulitic garnet as evidence in support of carbonic high-T 458 

metamorphism. Indeed, if CO2 and COH-fluid inclusions trapped at high-temperature conditions 459 

should interact with garnet as a natural consequence of cooling, why do alleged primary carbonic FI 460 

reported in the literature do not contain such an assemblage? The logic answer would be that those FI 461 

in garnet are not primary. 462 

A review of the literature on high-density CO2 FI in garnet actually reveals that the reported 463 

petrographic evidence for the primary character of such inclusions may be debatable. For instance, in 464 

most works (Coolen, 1982; Herms and Schenk, 1992; Herms and Schenk, 1998; Tsunogae et al., 2002; 465 

Tsunogae et al., 2008; Ohyama et al., 2008; Mposkos et al., 2009; Santosh et al., 2010; Santosh and 466 

Tsunogae, 2003) petrographic evidence is often only high magnification photomicrographs showing 467 

restricted zones of crystals where random versus planar distributions of the inclusions cannot easily be 468 

distinguished. Another evidence against a primary entrapment at near-peak conditions is represented 469 

by the irregular shape of many CO2 fluid inclusions documented in garnet (Roedder, 1979). “The 470 
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evolution from less to more regular or negative crystal shape represents the normal maturation process 471 

that all fluid inclusions undergo as they try to minimize their surface area” (Bodnar, 2003) and this 472 

shape maturation is even more expected at high-temperature conditions such as those recorded in 473 

granulites. The high density (>0.9 g/cm-3) of carbonic FI found in migmatites and granulites (not 474 

solely in garnet) has been used as evidence of entrapment at high grade conditions (Touret and Olsen, 475 

1985; Tsunogae et al., 2002; Santosh et al., 2010). However, the thermobarometric application of FI 476 

should be made with caution (i.e. an agreement with mineral geothermobarometry is necessary, but it 477 

is rarely reported), considering that the same densities values are attained throughout the P-T 478 

conditions defining an isochore. Therefore, the possibility exists that high fluid densities may not be 479 

related to high P–T conditions, but instead to retrograde conditions (Hollister et al., 1979; Lamb et al., 480 

1987). As a matter of fact, in several works the peak P–T conditions obtained by thermobarometry 481 

from CO2 inclusions in garnet frequently disagree with phase equilibria modelling and classic 482 

geothermobarometry from mineral assemblages (Coolen, 1982; Srikantappa et al., 1992; Tsunogae et 483 

al., 2008; Mposkos et al., 2009; Santosh and Tsunogae, 2003). Thus, it follows that primary versus 484 

secondary origin of high-density CO2 inclusions is often uncertain (Santosh et al., 2008; Coolen, 1982; 485 

Herms and Schenk, 1992; Herms and Schenk, 1998; Tsunogae et al., 2002; Ohyama et al., 2008; 486 

Mposkos et al., 2009; Santosh et al., 2010; Santosh and Tsunogae, 2003), and this explains why there 487 

is still debate whether these CO2-rich FI were trapped at peak metamorphic conditions or during 488 

retrogression.  489 

In the ongoing debate on the reliability of CO2 FI as evidence for the involvement of carbonic 490 

fluids during high-grade metamorphism, our results provide novel evidence on the behaviour of true 491 

primary inclusions, and support it on the basis on phase equilibria modelling in a kinetically-controlled 492 

environment. Because the fate of primary FI is to react with the host garnet as a natural consequence 493 

of cooling, we conclude that unmodified monophase CO2-rich FI in garnet (Santosh et al., 2008; 494 

Santosh and Tsunogae, 2003; Tsunogae et al., 2002) did not usually form during the prograde path or 495 

at near-peak conditions, but during retrogression, and that in those occurrences the fluid did not react 496 

with the garnet host because the low-T conditions of entrapment prevented the progress of reactions 497 

predicted above (i.e., kinetics are inhibited at low-T). Alternatively, primary monophase CO2 FI will 498 
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not react with the host garnet of crustal xenoliths where rapid cooling during lava extrusion prevents 499 

fluid-garnet interaction (Cesare et al., 2007).  500 

 501 

4. Conclusions 502 

Equilibrium thermodynamics predict that CO2 and COH fluid inclusions trapped in granulitic 503 

garnet must react with the host mineral as natural consequence of cooling, changing their nature to a 504 

multiphase assemblage. As a matter of fact, the interrogation of three world-renowned granulitic 505 

terranes reveals that FI, certainly trapped during the prograde path, are now mainly composed of CO2 506 

and aggregates of solid phases (siderite, ferroan magnesite, pyrophyllite, calcite, corundum, quartz, 507 

and in some cases kaolinite, dolomite, biotite and muscovite). These results undermine the main pillar 508 

of the theory of carbonic fluid-assisted metamorphism, casting doubts on the effective primary nature 509 

of many high-density carbonic FI in garnet from granulites. At the same time, however, we offer a 510 

novel perspective to identify such a process: only multiphase FI in peritectic minerals in migmatites 511 

and granulites represent certain evidence of primary fluids present during high-temperature processes, 512 

and these occurrences (Supplementary Table S1) are far from being uncommon.  513 
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Supplementary Fig. S1: BSE images of nanogranitoids from the studied samples. 527 
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