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A B S T R A C T   

Estimates on the geological carbon cycle are subject to large uncertainties that can be reduced by thorough 
observation of rocks. In this contribution, we focus specifically on C–O–H fluid-melt-rock interactions in 
graphitic metapelitic granulites and on their bearing to the carbon budget of granulitic roots of continents. We 
provide robust microstructural and thermometric constraints on the coexistence of anatectic silicate melts and 
C–O–H fluids up to near ultrahigh temperature conditions in the archetypal crustal section of Ivrea-Verbano Zone 
(IVZ, Italian Alps). Fluid inclusions in garnet are investigated before and after high-temperature experiments, and 
contain considerable proportions of CO2, CH4, N2, but lower H2O than predicted for graphitic systems at 
granulite facies. When comparing and contrasting the melt compositions obtained by Perple_X and rhyolite- 
MELTS with natural melts from IVZ, a much better match is obtained by the former, questioning the choice of 
rhyolite-MELTS for modelling melting equilibria of metasedimentary rocks and for quantifying carbon budget of 
the lower crust. Overall, data show that assuming only a limited extent of fluid-melt immiscibility in the deep 
crust contradicts the evidence from natural rocks and prompts to an incomplete view of actual carbon behavior 
and carbonic fluids. The available experimental dataset on CO2 solubility in felsic melts cannot be used to 
interpret the volatile budget of melt inclusions in graphitic migmatites and granulites, as most solubility ex
periments were conducted under carbonate-saturated (i.e. highly oxidizing) conditions which maximize CO2 
content of melt, compared to graphitic (i.e. more reducing) protoliths. As a consequence, thermodynamic models 
still cannot account for all the complexities related with interactions among H2O–CO2–CH4 ternary fluids, H2O- 
and CO2-bearing anatectic melts and graphite-bearing residues in graphitic metapelites. Targeted experimental 
studies are therefore crucial to boost substantial computational efforts, before any precise estimates on carbon 
budget and fluxes in the lower anatectic crust can be made.   

1. Introduction 

The carbon cycle operates over millions of years and involves slow 
exchange between rocks and superficial systems. In the last decade, 
many efforts have focused on quantifying carbon fluxes among distinct 
geological reservoirs (e.g. Dasgupta and Hirschmann, 2010; Kelemen 
and Manning, 2015; Stewart and Ague, 2020). The principal mechanism 
of input of carbon to the Earth’s interior is thought to occur in sub
duction zones (Plank and Manning, 2019), where carbonates and 
organic carbon are carried at depth, and decarbonation, dissolution and 
melting reactions may release carbon-bearing fluids and melts to the 
mantle wedge (e.g. Frezzotti et al., 2011; Ague and Nicolescu, 2014; 
Poli, 2015; Vitale Brovarone et al., 2017; Martin and Hermann, 2018; 
Stewart and Ague, 2020). Additionally, part of the subducted crustal 

carbon may reach lower mantle depths and form diamonds (Nestola 
et al., 2018). However, quantifying the long-term geological carbon 
cycle is still in its infancy owing to the large extrapolations from models. 
The most significant uncertainties regard: i) the nature of the in
teractions between fluids, melts and rocks and their effect on carbon 
mobility (e.g. Tumiati et al., 2017; Guo et al., 2022), ii) the reliability of 
extrapolating scattered field-based observations or analogue models 
from experiments to the large-scale natural carbon cycling (e.g. Epstein 
et al., 2020; Scambelluri et al., 2022) and iii) the existence of potential 
contributors which are commonly overlooked – i.e., collisional orogenic 
settings (Groppo et al., 2022). 

Regarding the last point, the paradigm of a mafic deep continental 
crust (Rudnick and Fountain, 1995) has been challenged and more fel
sic, metasedimentary rocks are considered an important, sometimes 
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predominant, component (Ferri et al., 2013; Hacker et al., 2015; Wang 
et al., 2021). Carbonate rich rocks (marbles and calcsilicates) represent 
important carbon hosts in metasedimentary sequences. In addition, most 
granulite-facies felsic rocks in orogenic belts contain graphite (Huizenga 
and Touret, 2012) and laboratory measurements demonstrated that re
sidual graphitic metapelitic granulites show seismic signatures very 
similar to those of mafic granulites (Ferri et al., 2016). Therefore, ana
texis of graphitic metapelites in roots of continents and extraction of 
anatectic melts may contribute to the geological carbon cycle globally. 
However, our understanding of carbon budget during melting of 
graphitic metapelites is still limited. Recently, Nicoli et al. (2022) 
attempted to quantify the flux of carbon related to the burial of silici
clastic sediments in the lower orogenic crust (0.2–4.4 Mt. C/yr) and the 
volume of carbon lost by extraction of anatectic magmas (0.18–3.8 Mt. 
C/yr). Their computational and quantitative effort was based on recent 
findings of nanogranitoids (NGs; i.e. former melt inclusions) and car
bonate- and CO2-bearing multiphase fluid inclusions (MFI) coexisting in 
peritectic garnet of many high-grade metamorphic terranes and repre
senting one of the most solid lines of evidence for carbon mobility during 
high-grade metamorphism and anatexis (Carvalho et al., 2020 and ref
erences therein). Taking as case study the crustal section of the Ivrea- 
Verbano Zone (IVZ, Italian Alps), where NGs and MFI coexist in the 
same clusters reflecting conditions of melt-fluid immiscibility, the work 
of Nicoli et al. (2022) by means of rhyolite-MELTS software (Gualda 
et al., 2012) suggested that the coexistence of anatectic melts and 
C–O–H fluids in the graphite-bearing deep crust must occur only during 
the early stages of partial melting (at 700–750 ◦C). According to their 
results, C–O–H fluids should disappear at higher temperatures as they 
should partition into the melt. As a consequence, only a carbon-bearing 
anatectic melt would be present in granulitic roots of continents. How
ever, this view is in conflict with microstructural and thermometric 
constraints, which instead support the persistence of C–O–H fluids with 
anatectic melts at considerably warmer conditions in Earth’s continental 
crust (Carvalho et al., 2019, 2020). 

Understanding whether or not C–O–H fluids may persist during 
anatexis up to high temperature (HT) or even ultrahigh temperature 
(UHT) conditions (i.e. >900 ◦C) is of utter importance, because the 
occurrence of carbon-bearing fluids has broad implications for the fluid 
regime and melt productivity of the deep crust (Johannes and Holtz, 
1990), the rheology of the lithosphere (Gerya and Meilick, 2011) and the 
geological carbon cycle (Chu and Ague, 2013). The main aims of this 
contribution are to i) document step by step robust lines of evidence 
supporting C–O–H fluid persistence up to HT and near UHT conditions in 
the IVZ graphitic deep crust, ii) investigate the composition of fluids in 
graphitic granulites from IVZ, iii) compare and contrast the results of 
different approaches of software packages to evaluate their reliability to 
reproduce compositions of anatectic melts from metapelites, iv) criti
cally assess the existing experimental dataset of CO2 solubility in rhyo
litic melts, and v) propose some directions for future studies on carbon 
budget of the deep anatectic crust. 

2. CO2 and granulites 

CO2-bearing fluid inclusions found in granulites have been consid
ered the main advocate for an active role of fluids during HT and UHT 
metamorphism (Newton et al., 1980b; Touret, 1971; Touret and Hui
zenga, 2012). However, since the majority of past studies investigated 
fluid inclusions in quartz and/or did not report clear textural evidence of 
their primary nature (e.g. Touret, 1971; Van den Kerkhof and Olsen, 
1990; Sarkar et al., 2003), the high-temperature origin of such CO2 still 
remains controversial (e.g., Harley, 2004; Cesare et al., 2005), and CO2- 
bearing fluids are still not generally considered to play an active major 
role during anatexis (Brown, 2013). Rather, they could be a necessary 
consequence of fluid-melt partitioning of volatile species at high- 
temperature, H2O being much more soluble than CO2 in the silicate 
melt (Tamic et al., 2001; Behrens et al., 2004). 

However, when primary melt and CO2-bearing fluid inclusions are 
found in same clusters within peritectic minerals (e.g., garnet, cordi
erite, spinel), which are by definition the solid products of incongruent 
melting reactions, these findings indisputably prove the existence of 
CO2-bearing fluids during prograde metamorphism and anatexis (Cesare 
et al., 2007; Ferrero et al., 2011; Carvalho et al., 2020; Bartoli, 2021; 
Bartoli and Cesare, 2020; and references therein). As result of the 
continuous effort on the thorough investigation of melt inclusions in 
high-grade rocks, several case studies demonstrated that CO2-bearing 
fluid inclusions often coexist with anatectic melt in the same clusters of 
peritectic garnet (e.g. Cesare et al., 2007; Barich et al., 2014; Ferrero 
et al., 2011, 2014, 2019; Tacchetto et al., 2019; Carvalho et al., 2019, 
2020; Gianola et al., 2021; Ferri et al., 2020; Safonov et al., 2020). Many 
of these studies deal with graphite-bearing anatectic rocks. Such find
ings strongly indicate that fluid-melt immiscibility at suprasolidus con
ditions may not be as rare as expected and that C–O–H fluid-present 
melting of the deep continental seems to represent an important petro
genetic process of crustal magmas, provided that their occurrence up to 
UHT conditions is well constrained. 

3. Geological and petrological background 

The Ivrea Verbano Zone (NW Italy) is a preserved section of mid to 
lower Carboniferous-Permian continental crust tilted and faulted by 
Alpine tectonics (Schmid and Wood, 1976; Bea and Montero, 1999). The 
IVZ is composed of ultramafic rocks (Balmuccia and Finero peridotites), 
mafic rocks of the Mafic Complex and the supracrustal rocks of the 
Kinzigite Formation (Quick et al., 2003). The Kinzigite Formation 
comprises abundant graphitic metapelites interlayered with meta
greywackes, metabasites, and subordinate marbles, calcsilicates and 
quartzites (Schmid, 1993). The whole supracrustal sequence shows an 
increase in metamorphic grade from amphibolite facies in the SE to 
granulite facies in the NW (Schmid, 1993; Redler et al., 2012, 2013; 
Kunz and White, 2019 and references therein). 

Graphitic metapelites are the main lithotype of the Kinzigite For
mation and evolve from mica schists to migmatites with increasing 
metamorphic grade (Fig. 1; Redler et al., 2012, 2013). P–T conditions 
obtained by forward modelling indicate conditions from 0.4 to 0.8 GPa 
and 640–710 ◦C in the amphibolite facies and 0.8–1.2 GPa and 
820–950 ◦C at granulite facies (Redler et al., 2012). Additional con
straints from Zr-in rutile in the metapelites indicate peak metamorphic 
conditions up to UHT conditions >900 ◦C (Ewing et al., 2013; Luvizotto 

Fig. 1. Schematic map of Val Strona di Omegna (redrawn from Redler et al., 
2012), with the position of the extrapolated mineral isograds and the samples 
considered in this work. NGs- and MFI-bearing granulites are from Carvalho 
et al. (2019), whereas granulites for Zr-in-rutile thermometry are from Luvi
zotto and Zack (2009) and Ewing et al. (2013). 
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and Zack, 2009). 
In the study of Carvalho et al. (2019), NGs were investigated in 

graphitic metapelites from Val Strona di Omegna, throughout the IVZ 
sequence. Target rocks were the residual, melanocratic domains of 
garnet-bearing metatexites from middle amphibolite facies and transi
tion zones, and in diatexites from the granulite facies zone. For all 
studied samples NGs and MFI coexist in the same clusters in the garnet, 
consequently they were interpreted as evidence for the immiscibility of 
melt and a C–O–H fluid at conditions high above the solidus. Since 
constraining the existence of prograde C–O–H fluids during HT to UHT 
metamorphism is of paramount importance for evaluating models on 
carbon cycling, here we focus specifically on IVZ graphitic granulites 
(Fig. 1). The reader interested to know more about NGs and MFI in 
amphibolite-facies rocks may refer to Carvalho et al. (2019) and Bartoli 
and Carvalho (2021). 

4. Methods 

Back-scattered electron imaging (BSE) were carried out with a 
CAMSCAN MX2500, equipped with LaB6 cathode, at the Dipartimento 
di Geoscienze, University of Padova. 

Micro-Raman measurements of MFI in garnet were performed on 
polished thick sections at the Faculty of Science Research and Instru
ment Core Facility of Eötvös University (ELTE FS-RICF), Hungary, using 
a HORIBA LabRam HR Raman microspectrometer, with a frequency- 
doubled Nd:YAG laser with 532 nm excitation wavelength. A petro
graphic microscope Olympus (100× objective) was used to focus the 
laser on the selected inclusions. Raman spectra in the ranges 100–1800 
cm− 1 and 2700–3800 cm− 1 were collected with an integration time of 
10–15 s, and three accumulations. Raman maps of the inclusions were 
also performed on preserved inclusions below the host surface. Spectra 
in this case were acquired using a 100 μm confocal hole, 600 grooves/ 
mm optical gratings, 2–3× accumulations and 12 s acquisition time. 
Measurements of fluid inclusions in experimental runs were conducted 
at the Dipartimento di Geoscienze, (Università di Padova, Italy), using a 
WITec confocal Raman alpha 300 R. Spectra were obtained using a 100 
μm confocal hole, 300 or 1800 grooves/mm optical gratings, 4× accu
mulations and 15 s acquisition time. All data were processed using 
LabSpec v5.41.15 and the solid phases inside the inclusions were iden
tified using the data from the literature (Frezzotti et al., 2012b). 

Inclusions previously mapped by Raman and located up to 10 μm 
below the garnet surface, were further investigated by serial sectioning 
using a FEI QUANTA 3D focused ion beam-scanning electron microscope 
(FIB-SEM) at ELTE FS-RICF, Hungary. The analyses were conducted 
using a 15 kV accelerating voltage and 23.7–190 pA current. The 
selected area was covered by a thin platinum layer (ca. 2 μm) in order to 
make the sample surface more resistant to mechanical abrasion of the 
Ga+ ion beam. At an initial stage, a high current Ga+ is used to make 
three trenches around the selected inclusion, and afterwards a low 
current ion beam was used to slice 280 nm-thick foils and gradually 
expose the target inclusion. Imaging of the exposed surface was acquired 
under BSE and SE, additional EDS of the solid phases were also obtained. 

Experimental runs using a single-stage, end-loaded piston cylinder 
apparatus at the Laboratory of Experimental Petrology, Dipartimento di 
Scienze della Terra, (Università di Milano, Italy) were performed to re- 
homogenize nanogranitoid inclusions in garnet under the following 
conditions (additional information in Carvalho et al., 2019): 850 ◦C – 1 
GPa, 20 h (sample IVT21) and 900 ◦C – 1.2 GPa, 5 h (sample STR22). In 
this study, the fluid inclusions coexisting with well re-homogenized melt 
inclusions in garnet have been investigated in these experiments to 
evaluate their behavior before down-temperature fluid-host interaction 
(see details below). 

Phase equilibria modelling was performed using Perple_X software, 
version 6.9.1 (Connolly, 2009), to better constrain i) garnet and rutile 
formation and ii) chemistry of crustal melts. In the first case (i), calcula
tions were done in the ten component MnO–Na2O–CaO–K2O–FeO– 

MgO–Al2O3–SiO2–H2O–TiO2 (MnNCKFMASHT) system. Two bulk rock 
compositions were selected for this part, in particular, the average shale of 
Ague (1991), and an amphibolite-facies metapelite from the IVZ (IZ061, 
Redler et al., 2012). To facilitate the comparison, two P–T pseudosections 
were calculated for each bulk rock composition, using datasets ds62 
(Holland and Powell, 2011) and ds55 (Holland and Powell, 1998, as 
revised in 2003), respectively. The following a–x relations were selected 
(dataset ds62): melt, garnet, orthopyroxene, muscovite, biotite and 
cordierite from White et al. (2014a, 2014b), ilmenite from White et al. 
(2000), plagioclase and K-feldspar from Holland and Powell (2003). For 
ds55, the a–x relations were: melt from (White et al., 2007), garnet from 
Holland and Powell (1998), biotite from Tajčmanová et al. (2009), white 
mica from Coggon and Holland (2002), plagioclase from Newton et al. 
(1980a) and K-feldspar from Thompson and Hovis (1979); an ideal model 
was used for cordierite and ilmenite. Fe2O3 was not considered to allow 
the comparison between old and new a–x models. A preliminary test on 
IVZ metapelite (considering dataset ds62) demonstrated that the lower 
pressure limit for the stability of rutile appears to be lower of about 0.1 
GPa when Fe2O3 is excluded, without affecting the temperature effect of 
rutile formation (not shown). In the second case (ii), calculations were 
undertaken in the MnO–Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O– 
TiO2–O (MnNCKFMASHTO) chemical system. The bulk rock composition 
selected for this part is the shale (Ague, 1991) originally modeled by Nicoli 
et al. (2022) with the software rhyolite-MELTS. In this way, it is possible to 
compare melt compositions modeled by Perple_X and rhyolite-MELTS. 
Datasets ds62 (Holland and Powell, 2011) and the available a–x models 
were used (listed above). Three different H2O contents were alternatively 
considered (1, 2 and 3 wt%). Melt compositions were calculated along a 
prograde path from 700 ◦C and 0.5 GPa to 900 ◦C and 1.15 GPa, followed 
by an isothermal decompression path to 0.7 GPa, as done in Nicoli et al. 
(2022). Calculations were performed assuming both closed and open 
systems. In the latter case, two melt loss events were simulated along the 
P-T path. The volumes of melt extracted in each step and, in turn, the 
temperatures of each melt loss event, vary in function of the initial bulk 
H2O content (i.e., rock productivity): 7 and 7 wt% melt at 800 and 875 ◦C 
for 1 wt% H2O, 10 and 18 wt% melt at 750 and 850 ◦C for 2 wt% H2O, 20 
and 20 wt% melt at 750 and 850 ◦C for 3 wt% H2O. Increasing the number 
of melt-loss events, diminishing contemporaneously the amount of melt 
drained at each step does not change the overall topology of phase dia
grams (Bartoli, 2017). After each melt loss event, a new phase diagram 
was calculated with the modified bulk composition. It is important to note 
that the melt models available for phase equilibria modelling in high- 
grade metamorphic rocks do not account for the solubility of carbonic 
species and, therefore, cannot be used to quantify carbon mobility during 
anatexis. All the bulk rock compositions used in these calculations and 
those of modeled melts are reported in Supplementary Tables S1 and S2 
(respectively), along with the calculated P–T pseudosections for bulk 
composition with 3 wt% added H2O considering open and closed systems 
(supplementary Fig. S1). 

5. Results 

5.1. Petrographic features of graphite-bearing metapelitic granulites 

Granulite facies metapelites from IVZ contain abundant garnet, 
prismatic sillimanite and rutile along with quartz, K-feldspar, graphite 
and minor plagioclase, whereas prograde biotite is absent or rare. In the 
older literature, these rocks are called “stronalites” (Schmid, 1968). 
Main accessory minerals in these rocks are zircon, monazite, apatite and 
rutile (Bea and Montero, 1999). Graphite is a common accessory phase 
in metapelites from this sequence, and although its amount decreases 
with increasing metamorphic grade, this mineral is still present in 
granulite-facies samples. Typically, graphite can be found in the matrix 
(Fig. 2a) and as inclusions in garnet. 

Garnet may contain abundant inclusions (Fig. 2b–d) as isolated 
clusters or forming zonal arrangements suggesting a primary 
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entrapment. Carvalho et al. (2019) identified former melt and fluid in
clusions. Melt inclusions (i.e. NGs) are crystallized into a granitic phase 
assemblage of quartz, plagioclase, K-feldspar and biotite (Fig. 3a). 
Graphite is a common accidentally trapped phase in NGs (see Fig. 4 in 
Carvalho et al., 2019), as it usually occurs partially enclosed in the host 
garnet and may still be present after re-homogenization experiments. 
Some inclusions may also contain rutile as a trapped mineral (Fig. 3a). 

Fluid inclusions (i.e. MFI) are characterized by the presence of a 
C–O–H–N residual fluid (see details below) together with siderite, 
calcite, pyrophyllite and kaolinite (Figs. 3b, 4a–i and 5a), and in some 
cases rutile (Figs. 3b and 4b). In MFI, graphite can be either an acci
dentally trapped (Fig. 4a–b) or even a daughter phase (i.e. precipitated 
directly from the fluid); in the latter case, graphite appears as very small 
flake-like crystals located entirely within the inclusion volume, of which 
they occupy only 1–2%. 

Mixed (fluid + melt) inclusions containing variable proportions of 
granitic mineral assemblage and carbonates, as well as variable volumes 
of voids, have also been reported in the same clusters of NGs and MFI 
(see Fig. 4e, f in Carvalho et al., 2019). Fig. 5b shows one of these in
clusions, where serial sectioning during FIB-SEM analysis revealed the 
coexistence of K-feldspar, quartz and plagioclase together with siderite 
and calcite and a large porosity. 

Rutile is found not only in the matrix of the rocks (Fig. 2a), but also as 

mineral inclusions in garnet closely associated with NGs + MFI clusters 
(Fig. 2b–c) and as an accidentally trapped mineral (i.e. rutile has not 
crystallized from the melt or fluid) within single NGs (Fig. 3a) and MFI 
(Figs. 3b and 4b). These observations demonstrate the coexistence of 
melt and C–O–H fluid (i.e. fluid-melt immiscibility) in the rutile stability 
field of IVZ metapelitic granulites (see details below). 

5.2. Fluid composition at granulite facies conditions 

Micro-Raman spectroscopy measurements of unexposed inclusions 
before re-homogenization experiments indicate that the solids within 
MFI are mainly carbonates + pyrophyllite ± kaolinite ± graphite ±
rutile, whereas the residual fluid phase contains variable proportions of 
CO2, CH4 and N2 (Fig. 4e–g). Carvalho et al. (2019, 2020) showed that 
different proportions of fluid species may be present in different in
clusions coexisting in the same sample, as well as different solid-porosity 
ratios. Specifically, solids make up to 67%, whereas the porosity filled 
up by the residual fluid varies from 33 to 48%, which can be either rich 
in CO2 or in CH4. H2O and other fluid species were not detected in the 
residual fluid. Using the method from Dubessy et al. (1989), the relative 
proportion of fluid species in the residual fluid varies in the ranges 0–86 
mol% CO2, 18–23 mol% N2 and 0–76 mol% CH4. In these MFI, CO2 
density, calculated using the method from Wang et al. (2011), varies 

Fig. 2. Microstructural aspects of graphite-bearing granulites of Ivrea-Verbano Zone. (a) Large graphite flake associated to garnet, rutile and sillimanite (under 
reflected light). (b), (c) and (d) Microstructural evidence for the coexistence of rutile with NGs and MFI inside garnet from a IVZ metapelitic granulite (under plane 
polarized light). (d) is a close up of the image in (c). Grt = garnet; Gph = graphite; Sill = sillimanite; Ru = rutile; Qz = quartz; NGs = nanogranitoids; MFI =
multiphase fluid inclusions. 
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from 0.1 to 0.7 g/cm3 (0.4 ± 0.2 in average) (Fig. 6a, c). 
After high-T re-homogenization, fluid inclusions can be quite dark 

(Fig. 4j) and micro-Raman measurements (Fig. 4j–m) show the presence 
of graphite and a fluid component that is mostly composed of CO2 and 
CH4, and sometimes with N2. A CO component has been rarely observed. 
Like in MFI before rehomogenization, H2O or other fluid species were 
not detected in the fluid phase. The relative proportions of fluid species 
(calculated with the method by Dubessy et al., 1989) varies from 71 to 
96 mol% CO2, 3.6–28 mol% CH4 and 0–13.7 mol% N2 in the fluid in
clusions in experiment performed at 850 ◦C, and from 30 to 86 mol% 
CO2, 14.2–70 mol% CH4 and 0–3.5 mol% CO in the experiment per
formed at 900 ◦C. Graphite within the inclusions commonly has low 
crystallinity, as demonstrated by the presence of both high intensity 
peaks at 1581 and 1353 (Fig. 4m). Carbonate, that was found in all the 
natural MFI (>100 inclusions), has been observed only in three out of 30 
inclusions after experiments. The density of CO2 in re-homogenized 
inclusions is in most cases considerably higher than what has been 
measured in natural MFI (see Fig. 6b–c for a comparison). The highest 
value is 1.06 g/cm3 (Fig. 6b) and the average is 0.6 ± 0.3 g/cm3. 

5.3. Thermal constraints from garnet and rutile 

Thermodynamic modelling shows that both investigated metapelite 
bulk rocks display the classic prograde sequence of melting reactions 
experienced by natural metapelites: production of melt at the wet 

solidus, dehydration-melting of muscovite forming K-feldspar, and 
incongruent breakdown of biotite producing ferromagnesian minerals. 
In particular, Figs. 7 and 8 show the modeled amounts of garnet, rutile 
and biotite for the two bulk rocks, comparing computational outputs of 
datasets ds62 and ds55, respectively (see Methods). Considering dataset 
ds62, the re-parameterized a–x models and the field gradient proposed 
for IVZ, garnet and rutile should form up to 830–840 ◦C, representing 
also the maximum temperatures for the stability of biotite (Figs. 7a–c 
and 8a–c). Above these temperatures, garnet and rutile are still present, 
but they are not expected to increase their modal amount. In contrast, 
for calculations considering dataset ds55, about 40 to 50% of garnet is 
predicted to form between 850 and 900 ◦C (Figs. 7d and 8d). Similarly, 
rutile mostly or totally grows in this temperature range, and biotite can 
be stable up to 900 ◦C (Figs. 7e–f and 8e–f). 

Rutile from most IVZ metapelites is texturally constrained to have 
grown in equilibrium with quartz and zircon and it has been object of a 
number of studies focused on the application of Zr-in-rutile thermometer 
(e.g., Luvizotto and Zack, 2009; Ewing et al., 2013; Pape et al., 2016). 
Taking advantage of the great amount of rutile data available for rocks 
from Val Strona di Omegna, here we compiled 107 analyses done in 
granulites (Luvizotto and Zack, 2009; Ewing et al., 2013) sampled close 
to outcrops where NGs from Carvalho et al. (2019) were collected 
(Fig. 1). Applying the equation recently refined by Kohn (2020) for Zr- 
in-rutile thermometer and selecting the values above the ninetieth 
percentile to delete effects of diffusional resetting (Luvizotto and Zack, 
2009), the calculated temperatures for IVZ granulite-facies rocks inter
sect the rutile stability field at >890 ◦C for rutile included in garnet and 
at >900 ◦C for grains in the matrix (Figs. 7b and 8b). Ewing et al. (2013) 
estimated that the analytical uncertainties alone should result in an 
error of ±15–25 ◦C on Zr-in-rutile temperatures, whereas the uncer
tainty inherent in Kohn’s (2020) calibration is ±15 ◦C. 

5.4. Natural versus modeled melts by Perple_X and rhyolite-MELTS 

P–T pseudosections are presented in Supplementary Fig. S1, whereas 
model melts by Perple_X (this study), by rhyolite-MELTS (Nicoli et al., 
2022) and the natural melt compositions from IVZ (Carvalho et al., 
2019) are compared in Figs. 9 and 10. Melt compositions were calcu
lated along the P–T path proposed by Nicoli et al. (2022) (see Fig. 7a). 

Results shows that in terms of ASI [molar Al2O3/(CaO + Na2O +
K2O)] and AI [molar Al2O3 – (Na2O + K2O)] Perple_X predicts melt 
compositions which are much more consistent with those of IVZ NGs 
(see Fig. 9a–c). In contrast, the results from rhyolite-MELTS (presented 
by Nicoli et al., 2022) fail to reproduce ASI and AI of the natural melt 
compositions (Fig. 9a). Albeit not as clearly seen as in Fig. 9a, a better 
match is observed for natural melts and the melts modeled with Perple_X 
also when considering other chemical parameters such as molar Ca/(Ca 
+ Na), SiO2 and #Mg. This is clearly displayed by the arrows repre
senting Perple_X which plot mostly inside the pink dashed box and by 
the fact that rhyolite-MELTS arrows plot mostly outside the average of 
NGs (Fig. 9d–g; see further discussion below). 

Concerning H2O, the contents predicted by rhyolite-MELTS are not 
reported by Nicoli et al. (2022), but they can be visually estimated from 
their Fig. 2a: H2O decreases from about 12.5 to about 2.5 wt% along the 
prograde path from upper amphibolite to granulite-facies conditions. 
Conversely, Perple_X predicts a narrower range (3.4 to 9.2 wt%; see 
Supplementary Table S2) that overlaps much better with the H2O con
tents measured by nanoSIMS in the NGs (Fig. 10). As Perple_X cannot 
model CO2 contents of melt, this parameter cannot be compared. 

6. Discussion 

6.1. Composition of C–O–H fluids in graphitic granulites 

The two types of polycrystalline inclusions in the graphitic granulites 
from IVZ have been studied in past works (Carvalho et al., 2019, 2020) 

Fig. 3. (a) BSE image of a nanogranitoid from a IVZ metapelitic granulite 
(modified after Carvalho et al., 2020) containing plagioclase (Pl), K-feldspar 
(Kfs), quartz (Qz), biotite (Bt). Apatite (Ap) and graphite (Gph) are also present 
and represent accidentally trapped minerals. (b) BSE image of a MFI from a IVZ 
metapelitic granulite exposed during FIB-SEM analyses (see Raman map of this 
inclusion in Fig. 4b). It contains accidentally trapped rutile, graphite and step- 
daughters minerals siderite (Sid), pyrophyllite (Prl) and kaolinite (Kaol). 
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Fig. 4. (a) and (b) Raman maps, inset photomicrographs and (c)-(i) Raman spectra of MFI from IVZ metapelitic granulite. (j) Raman map and photomicrograph of 
fluid inclusions after experimental runs. Red area represents the overlapping position of CO2 and CH4 within the inclusions. (l)-(m) Raman spectra of the fluid 
inclusions after experimental runs. Characteristic peaks of garnet (Grt) are represented as *. Abbreviations: Sid = siderite; Prl = pyrophyllite; Cal = calcite; Kaol =
kaolinite; Ru = rutile; Gph = graphite. Raman map in (a) is modified after Carvalho et al. (2020) with the permission from Elsevier. This article was published in 
Earth and Planetary Science Letters, vol. 536, Carvalho et al., Primary CO2-bearing fluid inclusions in granulitic garnet usually do not survive, 116,170, Copyright 
Elsevier (2020). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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which interpreted that the phase assemblage observed at ambient con
ditions within NGs and MFI represents the product of processes occur
ring during cooling – i.e. melt crystallization in NGs (Cesare et al., 2009, 
2015) and fluid-garnet interaction in MFI (e.g., Tacchetto et al., 2019). 

Coexistence of primary melt and fluid inclusions in the same clusters 
in garnet indicates that melt and fluid were immiscible in the studied 
graphitic granulites at the time of garnet growth. This interpretation is 
further confirmed by the presence of mixed (melt + fluid) inclusions 
containing variable proportions of the two phase and displaying variable 
porosity. These inclusions indicate that heterogenous entrapment 
(Roedder, 1984) took place, and as a result, intermediate compositions 
between the melt and fluid end-members were recorded. Mixed in
clusions have been reported also in other case studies of fluid-melt 
immiscibility in migmatites and granulites (e.g. Cesare et al., 2007; 
Ferrero et al., 2014; Gianola et al., 2021). 

Evaluating the precise composition of the fluids that was originally 
present in the MFI is hampered by their partial consumption in the 
formation of stepdaughter phases. Micro-Raman and FIB-SEM in
vestigations allow to constrain the fluid as a C–O–H–N mixture of H2O, 
CO2, CH4 and N2. Concerning the behavior of graphite, the detection of 
both CH4 and CO2 in the residual fluid of MFI indicates that the 
C–O–H–N fluid trapped at high temperature in the inclusions had the 
potential to precipitate some daughter graphite by respeciation upon 
cooling (Cesare, 1995), so that the ambient T fluid would be less car
bonic than the primary one. 

A better quantification of the fractions of each species would require 
estimating the volume and density of the residual fluid, as well as the 
volumes of each stepdaughter carbonate and hydroxylated phase, as 
discussed by Carvalho et al. (2020). They used a FIB-SEM-based 3D 

reconstruction of four MFI in IVZ to back calculate the composition of 
the fluid before the interaction with the garnet. The estimated compo
sition of the fluid, assumed as a binary H2O–CO2 mixture, had an XCO2 in 
the range 0.55–0.70. 

The above estimates on fluid composition may suffer from draw
backs such as i) the large errors in the 3D volume reconstruction, ii) the 
uncertainties in the volatile contents of the micron-sized stepdaughter 
crystals, especially the hydroxylated phases pyrophyllite and kaolinite, 
iii) the distinction between trapped and stepdaughter graphite and, not 
least iv) the very time-consuming and expensive nature of the charac
terization by FIB-SEM serial sectioning. 

An alternative way to quantify the original composition of fluids in 
MFI could be the reconstitution of the fluid after MFI re- 
homogenization. In this work, we have succeeded in analyzing some 
re-homogenized MFI from the remelting experiments at 850◦ and 
900 ◦C. Most of them do not contain any longer solid phases, except for 
rare carbonate and coatings of poorly crystalline graphite at inclusion 
walls. The fluid species detected in these inclusions are CO2, CH4 and N2, 
and the density of CO2, up to 1.06 gcm− 3, is greater than in the natural 
MFI. These features confirm the C–O–H–N nature of the fluid and are in 
agreement with the reversion of the process of interaction between such 
fluid and the host garnet that formed the stepdaughter crystals in the 
MFI. However, the presence of the H2O component, required for the 
formation of pyrophyllite and kaolinite and predicted by the simulta
neous occurrence of CO2 and CH4 in the inclusions (Cesare, 1995), has 
not been detected. It is well known that H2O can be easily overlooked as 
it may occur as thin films (<0.1 μm) on the inclusion walls (e.g., Berkesi 
et al., 2009; Lamadrid et al., 2014). Another possibility is leakage of H2O 
from the inclusions through diffusion (e.g. Bakker and Jansen, 1991; 

Fig. 5. FIB-SEM slices of (a) MFI and (b) mixed melt-fluid inclusion. Abbreviations as in Figs. 3 and 4.  
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Frezzotti et al., 2012a). In particular, H2O loss has been identified as an 
important post-entrapment process in other case studies of multiphase 
fluid inclusions (Maffeis et al., 2021; Spránitz et al., 2022). Regardless of 
the actual cause for the lack of detection of H2O, it is apparent that this is 
a major problem in the quantification of the composition of the 
C–O–H–N fluid originally in equilibrium with the granitic melt at 
granulite facies, and it requires further studies. 

The data presented here may suggest that multiphase fluid inclusions 
have been (at least to some degree) re-homogenized with the piston 
cylinder, at present this approach is experimentally challenging and 
results are not yet satisfactory. A better strategy is to investigate the 
potentials of other techniques (e.g. hydrothermal diamond anvil cell; Li 
et al., 2017) that allow homogenization of the inclusions to be 

monitored optically during heating. 

6.2. Fluids and melt inclusions in granulitic garnet 

The presence of NGs and/or MFI in UHT graphitic granulites does not 
automatically imply that they represent HT to UHT melts and fluids. 
Their occurrence within peritectic garnet in the graphitic granulites 
from IVZ implies solely that they were trapped during prograde to peak 
conditions (i.e. during heating) as a consequence of incongruent melting 
reactions (Cesare et al., 2009). Phase equilibria modelling of anatectic 
metapelitic rocks generally predict that garnet should be growing upon 
the temperature interval between 750 and 850 ◦C, at pressures typical of 
orogenic metamorphism, via partial melting reaction consuming biotite 
(e.g., Johnson et al., 2021). This is also evident from garnet and biotite 
isomodes of Fig. 7a–c and 8a–c, constructed using the internally 
consistent thermodynamic dataset, ds62, of Holland and Powell (2011) 
and the pertaining a–x models (see Methods). Similarly, rutile shows 
prograde growth in the temperature window 750–850 ◦C (Figs. 7b, 8b), 
associated with the breakdown of Ti-bearing biotite. However, these 
predicted temperatures do not match those provided by Zr-in-rutile 
thermometer (> 890 ◦C). 

Being the main sink for Fe, Mg and Ti among reactants during 
incongruent melting reactions, biotite behavior impacts on the modal 
proportion of garnet and rutile. Recently, Gervais and Trapy (2021) 
have tested different sets of a–x models against partial melting experi
ments of metasedimentary rocks and have found that the biotite model 
of Tajčmanová et al. (2009) yields better results when compared to the 
experiments. Using this model, as well as the dataset ds55, the biotite- 
out curve for the investigated metapelites shifts towards higher tem
peratures with respect to dataset ds62 (from 830◦ to 870–900 ◦C) 
(Figs. 7c,f and 8c,f). As a consequence, garnet and rutile are predicted to 
grow up to 910 ◦C (Figs. 7d,e and 8d,e). In particular, ca. 50% of the 
garnet is expected to form between 850 and 910 ◦C in the metapelite 
IZ061 from IVZ (Fig. 8d). 

Therefore, the use of the biotite model of Tajčmanová et al. (2009) 
reduces the gap between the predicted temperatures for garnet and 
rutile formation, and the temperatures provided by Zr-in-rutile ther
mometer (Figs. 7 and 8). It is worth noting that fluorine currently cannot 
be modeled as a component in phase equilibria calculations, despite its 
effect in enhancing the biotite stability to higher temperatures (e.g., 
Peterson et al., 1991). Biotite from metapelites of Val Strona di Omegna 
shows F content ranging from 0.60 (transition zone) to 2.10 wt% 
(granulite-facies; Harlov and Förster, 2002). The latter values are higher 
than F contents of biotite from melting experiments of metapelites 
where biotite survived up to ≈975 ◦C (at 1 GPa; Patiño Douce and 
Johnston, 1991). Therefore, we cannot exclude that biotite stability 
exceeded 900 ◦C in IVZ granulites and, as a consequence, that garnet and 
rutile grew at UHT conditions. 

To sum up, in the case study of IVZ granulites, the coupling of mi
crostructures (Figs. 2 and 3), Raman data of MFI (Fig. 4), phase equi
libria modelling and Zr-in-rutile thermometry (Figs. 7 and 8) clearly 
supports the coexistence of anatectic melt and a C–O–H fluid at least 
near UHT conditions. Notably, such conditions are significantly higher 
than the 700–750 ◦C proposed by Nicoli et al. (2022) for IVZ crustal 
section. 

6.3. Possible causes for the mismatch between models and nature 

To quantify the flux of carbon related to the burial of siliciclastic 
sediments in the lower crust, Nicoli et al. (2022) simulated partial 
melting of (meta)sediments (shale and greywacke), comparing model 
predictions in terms of melt compositions, including H2O and CO2 
contents, with those measured in NGs. Their failure to predict the 
occurrence of C–O–H fluid-melt immiscibility up to near UHT in the IVZ 
metapelites probably resides in the choice of the thermodynamic soft
ware rhyolite-MELTS to reproduce melting equilibria of 

Fig. 6. (a) and (b) Raman spectra of CO2, Fermi doublet (Δ) and calculated 
density of natural and experimentally-treated fluid inclusions, respectively. (c) 
Whisker plot diagram of density (g/cm3) of natural (left, red) and 
experimentally-treated fluid inclusions (right, blue). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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Fig. 7. Comparison between mode isopleths of garnet, rutile and biotite, based on P–T pseudosections derived from the two datasets ds62 and ds55 and calculated 
for the average shale composition (Ague, 1991). Red curve: solidus. The two white lines delimit the metamorphic field gradient in Val Strona di Omegna (from Redler 
et al., 2012). Arrows in (a) represent the prograde and decompression paths along which melt compositions were calculated. The colored portion of the arrow reflects 
the extent of melt-fluid immiscibility proposed by Nicoli et al. (2022). Zr-in-rutile data are from Luvizotto and Zack (2009) and Ewing et al. (2013), and refer to IVZ 
metapelitic granulites. Only samples recording peak T are considered (i.e., samples without resetting). All these rocks come from Val Strona di Omegna, like those 
investigated by Carvalho et al. (2019, 2020). Zr-in-rutile temperatures were calculated using the calibration of Kohn (2020). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 8. Comparison between mode isopleths of garnet, rutile and biotite, based on P-T pseudosections derived from the two datasets ds62 and ds55 and calculated for 
an upper-amhibolite metapelite from IVZ (bulk composition IZ061 from Redler et al., 2012). Red curve, white lines and Zr-in-rutile data as in Fig. 7. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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metasedimentary lithologies. In fact, as highlighted by the developers, 
rhyolite-MELTS is i) specifically designed “to correctly predict the quartz 
+ feldspar saturation surface in temperature, pressure and composition 
space”, ii) calibrated “based on the well-constrained crystallization condi
tions of the early erupted Bishop Tuff magma” and iii) considered “very 
useful in constraining crystallization conditions” (Gualda et al., 2012). 
Consequently, even if melting and crystallization behave similarly under 
the thermodynamic point of view, rhyolite-MELTS does not represent a 
conventional computational software to predict suprasolidus fluid-melt- 
rock equilibria during the prograde evolution of high-grade meta
morphic rocks (Johnson et al., 2021). Indeed, Gardner et al. (2014) re
ported inconsistencies in the predicted stability of Fe-Ti oxides, 
pyroxene and biotite, and more recently, a similar observation was made 
for garnet, biotite and orthopyroxene (Zhang et al., 2021). Thus, the 
difficulty of rhyolite-MELTS in dealing with phase assemblage domi
nated by hydrous silicates (i.e., amphibole, biotite and muscovite; htt 
ps://melts.ofm-research.org/) has important consequences for model
ling crustal anatexis (Hernández-Uribe et al., 2022). Rather, concerning 
the migmatite realm, rhyolite-MELTS represents an extremely useful 
tool to simulate how feldspar-dominated fractional crystallization im
pacts the chemistry of melt-rich domains (e.g. metaluminous to weakly 
peraluminous leucosomes; Carvalho et al., 2016). 

Additional complexity in applying rhyolite-MELTS to predict melting 
equilibria in metasedimentary rocks is related to software’s difficulty to 
deal with strongly peraluminous melts (ASI > 1.1; i.e., those derived 
from metasediments), simply because it was not calibrated for these 
melt compositions (e.g. Yang et al., 2022). According to the results 
presented in Nicoli et al. (2022), rhyolite-MELTS predicts ASI values 
between 1.8 and 2.8 for IVZ melts (large arrows in Fig. 9), too high for 
pure anatectic melts derived from partial melting of metasedimentary 
rocks (Gao et al., 2016). The majority of IVZ NGs are instead charac
terized by much lower ASI (1.1–1.7) and AI (<0.09) as reported by 
Carvalho et al. (2019). It must be noted that Nicoli et al. (2022) reported 
ASI and AI values for IVZ melts which do not correspond to the real ones 
in the reference work of Carvalho et al. (2019) – compare Fig. 3a in 
Nicoli et al. (2022) and Fig. 8a in Carvalho et al. (2019), which theo
retically should show the same data points. The incorrect ASI and AI 
values considered by Nicoli et al. (2022) for IVZ NGs are in the range 
1.1–2.8 and 0.06–0.23, respectively. Similarly incorrect AI values are 
reported for NGs data from the Central Maine Terrane are considered – 
compare values in Fig. 3b in Nicoli et al. (2022) and Fig. 5c in Ferrero 
et al. (2021). 

A comparison of model melt compositions obtained by Perple_X and 
rhyolite-MELTS and natural melts from IVZ shows that the former pro
vides much better results, even if they are not perfect. In other words, 
due to limitations and pitfalls of each petrologic tool, including NGs (see 
the comparative study and discussion in Bartoli and Carvalho, 2021), 
some geochemical discrepancies between calculated and natural melts 
are also expected for Perple_X (Figs. 9 and 10). For example, natural 
melt compositions show a larger variability than the model melts, which 
can be likely related to the effect of local equilibrium volumes, different 
diffusivities of melt components, and/or the existing melt model (Bartoli 
et al., 2014; Acosta-Vigil et al., 2017; Bartoli and Carvalho, 2021). 
Nonetheless, Fig. 9 shows that the modelling of Nicoli et al. (2022) fails 
to reproduce the composition of IVZ melts and highlights the pitfalls 
which may be encountered when using a computational software for 
aims for which it was not developed nor calibrated. 

6.4. Some problems with thermodynamic modelling of suprasolidus 
graphitic systems 

Ghiorso and Gualda (2015) developed a H2O–CO2 mixed fluid 
thermodynamic model to be used with rhyolite-MELTS. This imple
mentation was designed to examine H2O and CO2 partitioning between 
the melt and vapor phase accompanying crystallization along a specified 
temperature and pressure evolution path (Ghiorso and Gualda, 2015) 

and requires fixing an initial bulk composition, also in terms of H2O and 
CO2. Nicoli et al. (2022) used it to quantify the amount of mineral-bound 
bulk rock H2O and CO2 necessary to reproduce the volatile content of 
NGs, setting their runs for different H2O and CO2 contents in the starting 
sediments, assuming IVZ subsolidus metapelites as carbonate-rich sili
ciclastic metasedimentary rocks. However, these rocks are mostly 
graphitic metapelites with subordinate layers of metagreywackes, met
abasites, and only minor calcsilicates and marbles (Quick et al., 2003). 
Therefore, carbon in regionally-metamorphosed subsolidus metapelites 
of IVZ is stored only in graphite, as demonstrated by petrographic ob
servations (Carvalho et al., 2019). 

From the obtained minimum amount of bulk rock CO2 present at 
peak conditions, Nicoli et al. (2022) calculated a flux of carbon into the 
lower crust of 0.2–4.4 Mt. C/yr. These values are then converted to 
0.18–3.8 Mt. C/yr lost to middle and upper crust by S-type granite 
magmatism, assuming that at least 88% of the anatectic melt derived 
from siliciclastic sediments leaves the lower crust before/at peak 
metamorphism. In their calculations they implicitly assume that all the 
bulk CO2 enters the melt phase, and yet this is overstated as demon
strated by IVZ granulites where residual graphite, carbon-bearing NGs 
and carbonate-bearing MFI are still observed under the microscope. 
Thus, their calculated carbon fluxes of the lower crust may be incorrect. 
Moreover, the assumption of Nicoli et al. (2022) of carbonate-rich sili
ciclastic metasedimentary rocks as source region of IVZ melts would 
demand considering that melting equilibria of carbonate-bearing rocks 
(calcareous pelites to argillaceous marls) are very different from those of 
common pelites, also in terms of melt productivity and CO2 contents 
(Groppo et al., 2021). 

A major problem of modelling melt-rock-fluid interactions in 
graphitic metapelites is to account/deal with the additional thermody
namic and mass balance constraints imposed by graphite on C–O–H fluid 
speciation. Connolly and Cesare (1993) noted that in dehydration- 
dominated graphitic systems such as metapelitic environments, the 
XO = 1/3 model provides a good working hypothesis for fluid compo
sition, where the fluid compositional variable XO is nO/(nO + nH) 
(Connolly, 1995). In a graphite buffered assemblage and under normal 
metamorphic/anatectic conditions an XO = 1/3 fluid is composed of 
H2O and equal amounts of CO2 and CH4. The latter carbonic components 
amount to about 4 to 8 mol% of the fluid in the P–T range of interest for 
the IVZ metapelites. The behavior of such ternary H2O–CO2–CH4 fluid at 
suprasolidus conditions cannot be modeled by any current software due 
to the lack of adequate melt models. Regardless of the quantitative as
pects, one major qualitative implication is that, owing to the non-trivial 
presence of a CH4 component and at the same time to the negligible 
solubility of CH4 in crustal melts (Mysen et al., 2009), complete fluid- 
melt miscibility cannot be reached even at UHT conditions. In other 
words, the presence of graphite implies that in the absence of redox 
processes (e.g., Cesare et al., 2005) the fraction of CH4 is destined to 
increase in the fluid, with respect to that of H2O and CO2, and that a 
C–O–H fluid must be present at >900 ◦C. Indeed, CH4 (as well as N2) is 
present in the MFI of all IVZ metapelites (Fig. 4). Another major 
implication is that the quantities of graphitic carbon dissolved in ana
tectic melts may be largely overestimated when using the current 
incomplete thermodynamic models. 

To our knowledge, the computational study by Chu and Ague (2013) 
represents an advance in terms of modelling strategy for graphite- 
bearing metapelitic anatectic systems. The main merit of their work 
consists in the development of a new model of CO2 solubility in felsic 
melts that was used in a MATLAB code set, applying algorithms similar 
to THERMOCALC. However, the key critical issues reported above of not 
considering the presence and behavior of CH4 in the fluid phase still 
remain, as demonstrated by their predictions of C–O–H fluid stability 
only at T < 750 ◦C. 
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6.5. Some problems with the use of experimental CO2 and H2O solubility 
data to interpret volatile budget of NGs 

The coexistence of C-bearing NGs and carbonic MFI in peritectic 
minerals of granulite facies rocks reflects a scenario of melt-fluid 

immiscibility during partial melting, where the anatectic melt was in 
equilibrium with a C–O–H fluid (Cesare et al., 2007). Under the 
assumption of negligible CH4 solubility in rhyolitic melts, the C and H 
contents measured in re-homogenized NGs by NanoSIMS can be con
verted to CO2 and H2O, and the results compared with CO2 solubility 

Fig. 9. Comparison between natural and calculated melt 
compositions. (a) Alkalinity index [AI = molar Al2O3 – 
(K2O + Na2O)] versus aluminium saturation index [ASI =
molar Al2O3/(CaO + K2O + Na2O)] diagram containing 
NGs composition from Carvalho et al. (2019), model melts 
from rhyolite-MELTS (Nicoli et al., 2022) and Perple_X 
(this study). Gray dashed box: alleged average of IVZ NGs 
by Nicoli et al. (2022), does not overlap data from Car
valho et al. (2019) (pink dashed box). (b) and (c) AI vs. ASI 
close-up diagrams showing agreement between NGs 
(Carvalho et al., 2019), average NGs ± 1 sigma (pink 
dashed box) and model melts calculated using Perple_X 
under closed and open system, respectively. Decompres
sion melting is represented by the steps in the arrows. (d) 
and (e) molar Ca/(Ca + Na) versus SiO2 at closed and open 
system, respectively. (f) and (g) Mg# versus SiO2 at closed 
and open system, respectively. UA = upper amphibolite 
facies, Tr = transition zone, G = granulite facies. (For 
interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this 
article.)   
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data obtained from experimental studies. Such comparison is done in 
Fig. 11, considering the available experimental data for rhyolitic com
positions (Fogel and Rutherford, 1990; Blank et al., 1993; Tamic et al., 
2001; Duncan and Dasgupta, 2014, 2017) and anatectic melt inclusions 
(Carvalho et al., 2019; Gianola et al., 2020; Ferri et al., 2020; Ferrero 
et al., 2021; Borghini et al., 2023). The maximum CO2 content of NGs 
increases with the pressure of formation, and to a lesser extent with 
temperature, in agreement with experimental results and model pre
dictions (Fig. 11a,b). However, NGs show lower CO2 contents than those 
predicted by experimentally determined CO2 solubilities, at fixed pres
sure (Fig. 11a). On the other hand, temperature plays a more important 
role for H2O, with melt inclusions generally showing higher values than 
experiments, at least at <1000 ◦C (Fig. 11d). A negative correlation 
between melt H2O and pressure is shown by NGs between 0.5 and 1.0 
GPa (Fig. 11c). 

This comparison, however, requires a careful evaluation of how 
solubility experiments have been conducted. The majority of CO2 solu
bility data available in the literature for rhyolitic compositions were 
determined from rhyolitic melts in equilibrium with a binary H2O–CO2 
mixture or with only a CO2 fluid, and never under graphite-saturated 
conditions (Fogel and Rutherford, 1990; Blank et al., 1993; Tamic 
et al., 2001; Duncan and Dasgupta, 2014; Muth et al., 2020). Graphite- 
bearing experiments were solely conducted by Duncan and Dasgupta 
(2017) and Yoshioka et al. (2019), the latter in equilibrium with a 
CO–CO2 fluid phase. All the above experiments were run under (much) 
more oxidizing conditions than those occurring in graphitic systems at 
XO = 1/3 (Connolly, 1995). Of course, solubility experiments conducted 
under very different oxygen fugacities and saturation conditions (for 
example, carbonate-saturated vs. graphite- and carbonate-saturated) 
result in different melt CO2 solubilities, at fixed pressure, temperature 
and melt composition (black and white diamonds in Fig. 11). Therefore, 
it can be expected that CO2 and H2O solubilities determined under 
(highly) oxidizing conditions are maxima and minima, respectively, 
with little possibilities of extrapolation to the more reducing carbonate- 
free graphitic protoliths in which the CO2 contents of melts seem to be 
lower. Moreover, some inconsistencies are also evident considering the 
experimental dataset. For example, Tamic et al. (2001) reported an 
increasing CO2 content of melt with the increasing XCO2 fraction of the 
coexisting fluid at fixed pressure of 0.5 GPa, whereas the opposite trend 
is shown by the experimental melts of Duncan and Dasgupta (2014) at 
≥1.5 GPa (Fig. 11). Such a mismatch is also present when H2O of melt 

and XH2O of fluid are considered (Fig. 11c). As a consequence, CO2 
solubility in rhyolitic melts is expected to decrease at increasing melt 
H2O contents at low P conditions, whereas the opposite should occur at 
≥1.5 GPa (Fig. 11). 

From the results presented above we can conclude that the available 
CO2 solubility experiments for rhyolitic compositions cannot be 
considered synthetic analogues of natural granulitic systems made of 
coexisting H2O–CO2–CH4 ternary fluids, H2O- and CO2-bearing anatec
tic melts and graphite-bearing residues. Therefore, caution is also 
required in applying the CO2 solubility models based on such experi
ments (e.g., Liu et al., 2005; Papale et al., 2006) to anatectic systems. 
Similarly, since the H2O–CO2 mixed fluid thermodynamic model 
developed for rhyolite-MELTS was calibrated on the basis of fluid 
saturation experiments involving H2O, CO2 and mixed H2O–CO2 fluid, 
using the experiments of Blank et al. (1993) and Tamic et al. (2001) for 
the rhyolite–H2O–CO2 system (Ghiorso and Gualda, 2015), this software 
may be unsuitable for tracking the volatile contents of melts produced 
by partial melting of graphitic metapelites. Even if Perple_X performs 
better at modelling melting equilibria of metasedimentary rocks, its 
application to graphitic systems still suffers from the lack of complete 
melt models accounting for C–O–H fluid species. 

7. Implications and future research 

In the crustal sequence of IVZ, anatectic melts and C–O–H fluids are 
present and coexist up to HT and, at least near UHT, conditions in 
graphitic metapelites, whereas the computational approach of Nicoli 
et al. (2022) predicted a limited extent (< 750 ◦C) of C–O–H fluid sta
bility in the suprasolidus for the same rocks. 

Natural evidence should be the benchmark for computational efforts, 
and at the present state of knowledge the modelling of suprasolidus 
graphitic metapelites is still far from satisfactory. A sound quantification 
of carbon budget and fluxes in suprasolidus graphitic metapelites should 
consider all the complex compositional relationships among fluid, melt 
and solids, as well as the possible respeciation in the fluid phases due to 
redox processes. In order to have a complete picture of carbon mobili
zation during crustal reworking, models must consider the persistence of 
C–O–H fluids in graphitic rocks such as those of the IVZ and, therefore, 
conditions of fluid-melt immiscibility up to near UHT conditions. Models 
should also conform to the natural evidence that the combined action of 
hydrous melt and C–O–H fluid is not able to dissolve and remove all the 
organic carbon in the metasedimentary crust. There is need for more 
data on graphitic anatectic systems, also to better constrain the possible 
internal origin of CO2 by Fe3+ reduction during biotite melting (Cesare 
et al., 2005), as well as the impact of silicate dissolution on composition 
of C–O–H fluids (Tumiati et al., 2017) and the mutual relationships 
between fluid composition, solubility and respeciation. Similarly, future 
computational efforts should focus on popularizing a thermodynamic 
model of melt which includes at least CO2 among the carbon species, 
functional for the most used software programs (e.g., Heinrich and 
Connolly, 2022). It is also essential to be able to model ternary 
H2O–CO2–CH4 mixtures in the presence of melt and graphite, which 
demands targeted experimental studies. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.chemgeo.2023.121503. 
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Fig. 10. H2O (wt%) contents of re-homogenized NGs measured by NanoSIMS 
(Carvalho et al., 2019) and of model melts from Perple_X (this study) and 
rhyolite-MELTS (Nicoli et al., 2022). Black arrow indicates the increase in 
temperature for the calculated H2O contents in the models. Size of data points 
correspond to one sigma error for each analysis. 
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Fig. 11. Comparison between CO2 and H2O solubility 
data available for rhyolitic composition from the litera
ture and CO2 and H2O contents measured in re- 
homogenized nanogranitoids and glassy melt inclusions. 
Experimental data at <1 GPa from Fogel and Rutherford 
(1990), Blank et al. (1993) and Tamic et al. (2001), at 
≥1.5 GPa from Duncan and Dasgupta (2014, 2017). Italic 
values reflect the fraction of CO2 in the fluid phase for 
experiments at 0.5 GPa (Tamic et al., 2001) and at 
1.5–3.0 GPa (Duncan and Dasgupta, 2014). Melt inclu
sion data from Carvalho et al. (2019), Ferri et al. (2020), 
Ferrero et al. (2021), Gianola et al. (2021) and Borghini 
et al. (2023). Gray field represent predicted CO2 at 
defined pressures calculated using the equation of Dun
can and Dasgupta (2014) for 1 and 5 wt% H2O. * =
graphite-bearing; ** = NGs + MFIs. In figure (a) and (c), 
black lines connect experiments run at 1300 ◦C. Experi
ments of Fogel and Rutherford (1990) are not plotted in 
(c,d) because they consider only CO2.   
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Tsunogae, T., 2009. Detection of small amounts of H2O in CO2–rich fluid inclusions 
using Raman spectroscopy. J. Raman Spectrosc. 40, 1461–1463. 

Blank, J.G., Stolper, E.M., Carroll, M.R., 1993. Solubilities of carbon dioxide and water in 
rhyolitic melt at 850 C and 750 bars. Earth Planet. Sci. Lett. 119, 27–36. 

Borghini, A., Nicoli, G., Ferrero, S., O’Brien, P.J., Laurent, O., Remusat, L., Borghini, G., 
Milani, S., 2023. The role of continental subduction in mantle metasomatism and 
carbon recycling revealed by melt inclusions in UHP eclogites. Sci. Adv. 9 eabp9482.  

Brown, M., 2013. Granite: From genesis to emplacement. GSA Bull. 125, 1079–1113. 
Carvalho, B.B., Sawyer, E.W., Janasi, V.D.A., 2016. Crustal reworking in a shear zone: 

transformation of metagranite to migmatite. J. Metamorph. Geol. 34, 237–264. 
Carvalho, B.B., Bartoli, O., Ferri, F., Cesare, B., Ferrero, S., Remusat, L., Poli, S., 2019. 

Anatexis and fluid regime of the deep continental crust: New clues from melt and 
fluid inclusions in metapelitic migmatites from Ivrea Zone (NW Italy). J. Metamorph. 
Geol. 37, 951–975. 

Carvalho, B.B., Bartoli, O., Cesare, B., Tacchetto, T., Gianola, O., Ferri, F., Szabó, C., 
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