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The global geological volatile cycle (H, C, N) plays an important role in the long term self-regulation of the
Earth system. However, the complex interaction between its deep, solid Earth components (i.e. crust and
mantle), Earth’s fluid envelopes (i.e. atmosphere and hydrosphere) and plate tectonic processes is a sub-
ject of ongoing debate. In this study we want to draw attention to how the presence of primary melt (MI)
and fluid (FI) inclusions in high-grade metamorphic minerals could help constrain the crustal component
of the volatile cycle. To that end, we review the distribution of MI and FI throughout Earth’s history, from
ca. 3.0 Ga ago up to the present day. We argue that the lower crust might constitute an important, long-
term, volatile storage unit, capable to influence the composition of the surface envelopes through the
mean of weathering, crustal thickening, partial melting and crustal assimilation during volcanic activity.
Combined with thermodynamic modelling, our compilation indicates that periods of well-established
plate tectonic regimes at <0.85 Ga and 1.7–2.1 Ga, might be more prone to the reworking of supracrustal
lithologies and the storage of volatiles in the lower crust. Such hypothesis has implication beyond the
scope of metamorphic petrology as it potentially links geodynamic mechanisms to habitable surface con-
ditions. MI and FI in metamorphic crustal rocks then represent an invaluable archive to assess and quan-
tify the co-joint evolution of plate tectonics and Earth’s external processes.

� 2021 China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

The global volatile cycle (e.g. H, C, N), key to the long-term, self-
regulation of the Earth system, relies on the continuous redistribu-
tion of elements between Earth’s fluid envelopes (i.e. atmosphere
and hydrosphere) and the its solid layers (i.e. crust and mantle)
(Houlton et al., 2018; Lee et al., 2019). Introduction of volatiles into
the terrestrial mantle may have triggered plate tectonics, which as
best as we know could have been important for the emergence of
complex life (Albarede, 2009). In the Phanerozoic, volcanic activity
and subduction drive volatile exchanges between the solid Earth
and the surface in extensional and convergent settings (e.g.
Kelemen and Manning, 2015; Lee et al., 2019; Plank and
Manning, 2019; Wong et al., 2019; Werneret al., 2019). This has
been used to support the idea that plate tectonics, through the
expression of the Wilson cycle (subduction – collision – rifting)
might control in turn the long-term volatile cycle (e.g. Wong
et al., 2019 and references therein). The stability of the Earth sys-
tem would then depend on the positive feedback between surface
conditions and geodynamic mechanisms (Lenardic et al., 2019;
Sobolev and Brown, 2019).

In collisional settings, reworking of the continental crust is the
result of the combination of partial melting, deformation and melt
segregation processes. The partial melting of buried supracrustal
lithologies (e.g. Chappell and Stephens, 1988; Clemens, 1990,
2003; Villaros et al., 2009; Clemens et al., 2011) mobilises a sub-
stantial amount of mineral-bound volatiles (e.g. H2O, CO2) at deep
crustal levels (e.g. Nicoli and Dyck, 2018; Nicoli, 2019). Along the
PT path, the formation of anatectic liquids ultimately leads to the
formation of S-type granites, after extraction from the source
region and migration into the shallow crust (Clemens et al.,
2011). The cogenetic links between the source, the migmatites
and the resulting granites (e.g. Nicoli et al., 2017; Nicoli and
Dyck, 2018; Clemens, 1990), embodies directly the connection
between erosion and weathering processes at the surface, respon-
sible for the formation, the volume and the composition of sedi-
ments (Condie, 1993), and the metamorphism and melting at
depth. The capacity of the surface reservoir signature (i.e. organic
N and C isotopic signature) to be retained beyond partial melting
conditions in the lower crust indicates that a significant amount
of volatiles can be isolated from the surface cycle and stored in
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Table 1
List of case studies of primary melt inclusions (both nanorocks and glassy) and/or fluid inclusions in peak minerals from crustal rocks. When fluid presence during melting is inferred, i.e. not directly verified via identification of primary
fluid inclusions, this is reported in the ‘‘Note” column. The criteria used to compile this dataset are discussed in the text.

Locality Age
(Ma)

±1r P
(GPa)

±1r T
(�C)

±1r T/P Rock Protolith Host MI FI Fluid Note on inclusions Ref.

El Hoyazo - Mazarrón (Spain) 9.6 0.3 0.60 0.1 850 50 1417 Granulitic
enclaves

Sediments Grt/Pl/Crd/
Spl

x x COH-N Acosta-Vigil et al.
(2007);
Cesare et al. (2007);
Ferrero et al. (2011)

Seram, eastern Indonesia 16.0 0.80 950 1188 Felsic granulites Sediments Garnet x Pownall et al. (2019)
Barun Gneiss (Himalayas) 30.0 8 0.80 830 30 1038 Migmatites Sediments Garnet x Ferrero et al. (2012)
Gruf granulite 33.0 4 0.90 0.05 900 10 1033 Felsic granulites Sediments Garnet x x COHN C-Dominated

inclusion
Gianola et al. (2020)

Kali Gandaki (Himalayas) 38.5 2.5 1.05 0.05 685 35 652 Migmatites Sediments Garnet x Bartoli et al. (2019);
Carosi et al. (2015)

Rhodope Metamorphic Province (Greece) 40.0 1.35 0.15 775 25 574 Paragneisses Sediments Garnet x Carbonate in
inclusions

Mposkos et al. (2009)

Maghrebian basement (Tunisia) 12.0 2 0.55 0.15 780 20 1418 Xenocrysts Granitoids Garnet x x COH-N Ferrero et al. (2014)
Altai orogenic belt (China) 255.8 1.8 0.45 0.05 850 50 1889 Mafic granulites Mafic rocks Garnet x Pure

CO2

C-Dominated
inclusion

Li et al. (2004)

Jubrique, Betic Cordillera (Spain) 287.0 4 1.30 0.1 850 654 Migmatites Sediments Garnet x x CO2-
rich

Barich et al. (2014)

Ivrea Zone (NW Italy) 270.0 30 0.80 800 1000 Migmatites Sediments Garnet x x COH-N Carvalho et al. (2019)
Altai orogenic belt (China) 284.1 2.6 0.80 980 1225 Pelitic granulites Sediments Garnet x Liu et al. (2020)
Ronda migmatite (Spain) 286.0 11 0.48 0.03 680 20 1432 Migmatites Sediments Garnet x Bartoli et al. (2014)
Oberpfalz area, SW Bohemian Massif (Central

Europe)
325.0 50 0.65 0.15 800 1100 Migmatites Sediments Garnet x x COH-N Nanocarbonatites Ferrero et al. (2016a)

Bavarian Unit (Bohemian Massif) 335.0 5 0.60 870 40 1450 Paragneisses Sediments Garnet x Ferrero et al. (2018b)
Blansky Lés (Bohemian Massif) 335.0 5 2.25 0.50 950 422 Felsic granulites Granitoids Garnet x Ferrero et al. (2018b)
Hartsteinwerk loja quarry (Bohemian Massif) 335.0 5 0.75 0.15 775 25 1033 Paragneisses Sediments Garnet x Ferrero et al. (2018b);

Sorger pers.comm.
Ktis (Bohemian Massif) 335.0 5 1.80 0.4 800 100 889 Paragneisses Sediments Garnet x x COH-N Ferrero et al. (2018b)
Mohsdorf (Bohemian Massif) 335.0 5 1.60 1000 625 Felsic granulites Granitoids Garnet x Ferrero et al. (2018b)
Plaimberg (Bohemian Massif) 335.0 5 4.50 0.50 1000 100 244 UHP eclogites Mafic rocks Garnet x Ferrero et al. (2018b)
Saidenbach (Bohemian Massif) 335.0 5 4.50 0.50 1000 222 Felsic granulites Sediments Garnet x Diamond Stöckhert et al. (2001)
Steinaweg (Bohemian Massif) 335.0 5 1.85 0.45 825 25 446 Felsic granulites Granitoids Garnet x Ferrero et al. (2018b)
Stuckestein (Bohemian Massif) 335.0 5 0.60 0.10 800 1333 Migmatites Sediments Garnet x x COH-N Ferrero et al., (2018b)
T7 borehole (Bohemian Massif) 335.0 5 4.50 0.50 1000 222 Felsic granulites Sediments Garnet x Diamond Kotkova et al. (2014)
Erzgebirge (Bohemian Massif) 340 4.5 1000 222 Eclogites Basaltic

dyke?
Garnet x Metasomatic melt Borghini et al. (in prep)

Granulitgebirge (Germany) 340.0 2.10 0.10 1000 7.5 480 Eclogites Gabbro? Garnet x Metasomatic melt Borghini et al. (2020)
Orlica-Śnie _znik Dome (Bohemian Massif) 340.0 50 2.70 875 12.5 329 Felsic granulites Granitoids Garnet x Ferrero et al. (2015)
Central Maine terrane (USA) 379.0 1.80 1050 1000 Felsic granulites Sediments Garnet x Axler and Ague (2015);

Ferrero et al. (2021)
Gory Sowie (Bohemian Massif) 400.0 0.75 0.10 950 50 1267 Felsic granulites Granitoids Garnet x Słupski et al. (2018)
Khabarny mafic–ultramafic Massif (Urals) 415.0 8 0.80 0.03 785 45 981 Garnetites Mafic rocks Garnet x COH-N Bakker et al. (2020)
Seve Nappe Complex (Scandinavian

Caledonides)
455.0 5 4.00 835 5 209 Paragneisses Sediments Garnet x x COH-N Diamond Klonowska et al. (2017)

Mont Albert ophiolitic complex 456.0 5 1.00 850 850 Metapelites Sediments Garnet x Dubacq et al. (2019)
MT. Edixon (Antartica) 515.0 15 0.80 0.1 760 20 950 Schists Sediments Garnet x x COH-N Ferri et al. (2020)
Khondalite Belt (Southern India) 525.0 5 0.60 0.10 900 1500 Migmatites Sediments Garnet x Ferrero et al. (2012)
Kokchetav Massif (Kazakhstan) 530.0 4.75 0.25 975 25 205 Paragneisses Sediments Garnet x H2O-K fluid Stepanov et al. (2016)
Dronning Maud Land (Antartica) 542.0 27 1.55 0.15 910 50 587 Mafic granulites Mafic dikes Garnet x Ferrero et al. (2018b)
Hakurutale granulites (Sri Lanka) 550.0 50 0.95 0.05 830 Al, Mg-rich

granulite
Metabasite? Garnet x CO2-

rich
Bolder-Schrijver et al.
(2000)

Lützow-Holm Complex, East Antarctica 550.0 50 0.95 0.25 875 75 921 Mafic granulites ? Garnet x Saitoh and Tsunogae
(2015)

Dronning Maud Land (Antarctica) 565.0 15 0.69 0.04 1080 1565 Anorthosite Anorthosite Plagioclase x H2O- C-Dominated Kleinefeld and Bakker
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the deep continental crust (Santosh and Omori, 2008; Palya et al.,
2011), through burial and metamorphism in convergent margin
settings (Houlton et al., 2018; Lee et al., 2019). Ronov and
Yaroshevsky (1969) argued that metamorphic rocks (gneiss and
schists) contain 107 GT of carbon and 108 GT of water, representing
respectively 25% and 40% of the total volume contained in the con-
tinental crust. The existence of such a significant amount of carbon
stored in crustal metamorphic rocks is also backed up by electrical
conductivity studies, which have suggested the presence of mid- to
lower crust graphite films, resulting from the percolation of
carbon-rich metamorphic fluids (Frost et al., 1989; Frost and
Bucher, 1994; Glover, 1996; Huizenga and Touret, 2012).

Although metamorphic degassing in modern/Phanerozoic colli-
sional settings seems to be taken in consideration when estimating
global volatile exchanges (e.g. Lee et al., 2019; Stewart et al., 2019),
the role played by the continental crust as a long-term volatile
reservoir has often been overlooked. The complex interaction
between its deep crustal component and the evolution of plate tec-
tonic processes in regulating the composition of the Earth’s exter-
nal envelopes remains a subject of ongoing debate (Touret, 2003;
Santosh and Omori, 2008). In modern convergent settings, the exo-
genic flux of volatiles from the continental crust can be directly
determined by monitoring metamorphic outgassing in active oro-
genic belts (e.g. Becker et al., 2008; Menzies et al., 2016; Tiwari
et al., 2016). Inverse phase equilibria modelling can also be used
to recover estimates on the outgassing budget of active and eroded
metamorphic belt (Groppo et al., 2017; Rolfo et al., 2017; Stewart
and Ague, 2018). However, such an approach allows recovery of
information preserved on the retrograde metamorphic path, which
only involves secondary fluid fluxes. While information on the
volatile budget of the continental crust during prograde metamor-
phism can be retrieved using exploratory forward phase equilibria
modelling (e.g. Kerrick and Connolly, 1998; Nicoli and Dyck, 2018;
Nicoli, 2019), an accurate quantification requires the investigation
of melt and fluid inclusions and carbonate-rich melt inclusions in
exhumed high-grade metamorphic minerals (e.g. Bartoli and
Cesare, 2020).

In this study, we reviewed the distribution of melt and fluid
inclusions in high-grade rocks through Earth’s history. We interro-
gated an extensive database of case studies of crustal rocks con-
taining melt inclusions, fluid inclusions or both melt and fluid
inclusions (Table 1). We examined successively the abundance of
anatectic melt inclusions and crustal-derived granites in the geo-
logical records and the influence of metamorphic conditions and
crustal chemistry on the anatectic melt water content and COH
(±N) fluid composition through geologic time. By focusing on the
volatile content of melt inclusions, we wanted to bring attention
to the critical role the evolution of the continental crust might have
played in the regulating of the global volatile cycle.
2. Nanorocks and fluid inclusions

Over the last decade, the study of melt and fluid inclusions in
deep crustal lithologies has been a major breakthrough for our
understanding of crustal differentiation (Bartoli and Cesare,
2020). The landmark study by Cesare et al. (2009; see also Cesare
et al., 2015 and references therein) demonstrated that during the
partial melting of the lower crust, pristine anatectic melt can be
trapped and preserved as inclusions within grains of refractory
peritectic minerals (e.g. garnet) in regionally metamorphosed mig-
matites. Such inclusions are, in the majority of cases, entirely com-
posed of an aggregate of micrometric crystals, although glassy and
partially crystallized inclusions may also be present (Ferrero et al.,
2012; Cesare et al., 2015) (Fig. 1a). The mineral phases identified in
crystallized melt inclusions are quartz and feldspars (or their poly-
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morphs, Ferrero and Angel, 2018) along with OH-bearing minerals
and, in few cases, limited amounts of CO2 and H2O in interstitial
position (Bartoli et al., 2013) (Fig. 1b). Consistently with these
observations, such inclusions were originally named nanogranites
(Cesare et al., 2009) and later nanogranitoids (Bartoli et al., 2016).
Recent works however showed that crystallized melt inclusions
in metamorphic rocks have a much larger variety in composition,
i.e. from silicic to carbonatic, prompting Bartoli and Cesare
(2020) to spearhead the use of the term ‘‘nanorock” as a more com-
prehensive and appropriate name, and, for this reason, this term
will be used throughout the present work. Later studies
(Carvalho et al., 2020; Ferrero et al., 2018a; Ferri et al., 2020) have
then demonstrated that, besides the anatectic melt, also the fluids
present during partial melting can be trapped as primary inclu-
sions in migmatites (Fig. 1c). These fluids consist of CO2, CH4, N2

and H2O in variable proportions (e.g. Carvalho et al., 2020;
Ferrero et al., 2018b; Tacchetto et al., 2019) (Fig. 1d).

Importantly, melt inclusions in metamorphic garnet do not suf-
fer issues commonly recognised in magmatic melt inclusions, such
as volatile loss and doubtful correspondence between trapped and
original melt due to compositional heterogeneities present in the
melt immediately adjacent the growing crystal (i.e. boundary layer
effect – see discussion in Cesare et al., 2015). In particular, while
diffusive H2O and CO2 loss is common for magmatic melt in olivine
(Gaetani et al., 2012), driven by the pressure gradient between
trapped melt and surrounding magma under continuous depres-
surisation during ascent, such a driving force is absent in rock-
dominated system (i.e. metamorphic rocks during cooling –
Bartoli et al., 2014). The H2O and CO2 content measured in crack-
free melt inclusions in metamorphic garnets can be thus consid-
ered as representative of the original volatile content of the melt
at depth (more details on the topic in Bartoli et al., 2014; Cesare
et al., 2015; Ferrero and Angel, 2018). Boundary layer effects only
affect trace elements highly enriched in garnet (e.g. Y, HREE,
Acosta-Vigil et al., 2012), thus making the anatectic inclusions
overall representative of the original melt composition.

A growing body of evidence (e.g. Carvalho et al., 2020; Ferrero
et al., 2016a; Tacchetto et al., 2019 and references therein) has
revealed a significant variation in the nature, abundance and distri-
bution of fluid-bearing inclusions in metamorphic minerals. Such
variations can be interpreted as resulting from differences in the
chemistry of the source, fluid percolation prior entrapment, as well
as specific geodynamic settings, which will influence the dehydra-
tion/decarbonation sequences along the metamorphic prograde
path (e.g. Nicoli and Dyck, 2018; Stewart and Ague, 2018;
Stewart et al., 2019 – see section 4 below). The quantification of
immiscible pristine COH(±N) fluid phases in rehomogenised nanor-
ocks using NanoSIMS (e.g. Bartoli et al., 2014; Carvalho et al., 2020;
Ferri et al., 2020; Ferrero et al., 2021) together with thermody-
namic modelling is increasingly becoming a reliable approach to
quantify reaction kinetic and thermodynamic equilibrium in the
deep continental crust. Importantly, all these applications reas-
sessed the critical role played by fluid-assisted partial melting in
accretionary settings, previously relatively neglected – apart from
a few remarkable exceptions (e.g. Sawyer, 2010; Weinberg and
Hasalová, 2015).
3. Inclusions in space and time

In the present work we employed a database (Table 1) of 46
localities where primary melt (MI) and/or fluid inclusions (FI) have
been reported in minerals formed during prograde and peak regio-
nal metamorphism of crustal rocks. Out of the whole database,
thirty case studies contain only MI, six case studies only FI and
ten cases a combination of both trapped at the same time (i.e.,
4

under primary fluid-melt immiscibility conditions; see Cesare
et al., 2015). The term ‘‘MI” refers to polycrystalline inclusions orig-
inally trapped as a melt (regardless of their composition, i.e. either
silicate rich or carbonatitic), partially crystallized inclusions as well
as glassy inclusions. For the purpose of our study, such inclusions
are to be considered informative of fluid/melt regime at depth
because of their primary nature, i.e. they formed during the growth
of the host phase (Roedder, 1984), as well as of the absence of evi-
dence for decrepitation. Fluid inclusions present a different caveat:
as thoroughly discussed by Carvalho et al. (2020), most (all?) of the
COH(±N) fluid inclusions found in garnet underwent post entrap-
ment changes on cooling with crystallization of new phases.
Although this largely prevents a precise quantification of the orig-
inal fluid composition, their characterisation provides nevertheless
precious data on fluid speciation at depth.

Geographically, these findings span all continents with the
exception of South America and Australia, and the inferred pro-
tolith of the host rocks cover the whole range of rocks, from sedi-
ments to granitoid to mafic rocks, involved in continent–continent
collision. The most common host for inclusions is peritectic garnet,
which is hardly surprising in view of its abundance in metamor-
phic rocks of crustal origin and its vast range of stability and refrac-
tory nature. In some cases, peritectic plagioclase (Madlakana and
Stevens, 2018; Nicoli et al., 2017) may also be an important host
of inclusions (three case studies). Both peritectic garnet and peri-
tectic plagioclase form in the presence of melt and are cogenetic
with MI. The inspection of the database of MI in metamorphic
rocks reported by Cesare et al. (2015) shows that zircon is the sec-
ond most common inclusion host in crustal rocks. However, find-
ings of MI in zircons are left out of the present compilation:
zircon crystallizes more often on cooling during the retrograde
evolution of the rocks (Roberts and Finger, 1997), and in absence
of detailed studies on each case, it is impossible to relate with cer-
tainty MI in zircons to the prograde/peak history of the host rocks.

The inclusions discussed here sampled portions of melt and/or
fluids present in the deep crust between ~680 �C (Ronda migma-
tites) and 1050 �C (Central Maine Terrane felsic granulites), and
0.45 GPa (Altai orogenic Belt) to 4.75 GPa (subduction of the con-
tinental crust in Kokchetav Massif). Most observations occur at
750–900 �C and ~0.5–1.5 GPa, which correspond to the stability
field of granulitic rocks (Harley, 1989) (Fig. 2a). The limited num-
ber of findings of MI and FI in ultrahigh pressure (UHP) and ultra-
high temperature (UHT) crustal rocks may be simply related to the
relative rarity of such rock types, whereas their absence in high-
grade - low pressure crustal rocks is likely due to the absence of
peritectic garnet, the most common and reliable host of melt/fluid
inclusions, often replaced by the much less robust cordierite.
Whereas no particular correlation is visible between different
groups and particular PT conditions and/or PT gradients, evidence
for the coexistence of crustal melt and a fluid are concentrated in
the temperature range 780–900 �C. The fluid is mainly COH(±N)
in composition, with a high CO2 component in most cases (e.g.
Carvalho et al., 2019; Cesare et al., 2007; Ferrero et al., 2014,
2018a; Gianola et al., 2020), only two cases showing a H2O-
bearing fluids (Ferrero et al., 2011; Ferri et al., 2020).

For the purpose of this study, the assessment of the role of con-
tinental crust evolution in the stabilisation for the global volatile
cycle, the most crucial aspect of these findings is their distribution
in time (Fig. 2b). The list of case studies covers most of the Earth’s
history, from 2.8 Ga (Uttental, Greenland) to 9.6 Ma (El Hoyazo,
Southern Spain). Most of these inclusions are found in metasedi-
mentary lithologies and few in granitoids and mafic rocks
(Fig. 1b). Nanorocks and primary COH(±N) fluid inclusions are
mainly a Phanerozoic affair (Fig. 1b). A second cluster of inclusions
occurs between 2.5 Ga and 3.0 Ga. These two main periods also
correspond to the formation of economically viable graphite



Fig. 1. Nanorocks and fluid inclusions in metamorphic crustal rocks. (a) Typical appearance of a cluster of nanogranitoids in garnet (Ferrero et al., 2016b). Kfs = K-feldspar,
Qz = Quartz, Grt = garnet, Pl = plagioclase, Bt = biotite. (b) Nanogranitoid from Koliakkode quarry, Kerala Khondalite Belt (Southern India; PhD thesis S. Ferrero). (c)
Nanogranitoids (white arrows) and fluid inclusions in metasediments trapped under conditions of primary fluid-melt immiscibility. Ilm = ilmenite. (d) Typical Raman
spectrum of fluid inclusions coexistent with nanogranitoids (Carvalho et al., 2020). Both (c) and (d) are modified after Ferrero et al. (2016a).
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deposits (Luque et al., 2014), arguing for major carbon-bearing
fluid fluxes in the lower crust (Touret et al., 2016). S-type granites
(e.g. Clemens et al., 2011; Zhu et al., 2020) show the same distribu-
tion pattern as sediment related inclusions, with a third important
peak during the assembly of the Columbia-Nuna supercontinent
(1.7–2.1 Ga) (Fig. 2c). Whereas there is evidence of intrusions dur-
ing the Boring Billion (0.85–1.7 Ga) (Roberts, 2013), only one inclu-
sion in metasedimentary rocks has been identified within this
period so far. The issue of preservation bias is mentioned in the dis-
cussion below.

The widespread occurrence of inclusion findings across a large
range of PT conditions, different protoliths and ages show the capa-
bility of natural rocks to sample and preserve deep crustal fluids,
making these inclusions reliable probes to investigate planetary
scale processes such as fluid regime variations in relationship with
plate tectonics. The joint occurrence of nanorocks in metasedimen-
tary rocks, graphite deposits and crustal derived magmas at speci-
fic time of Earth’s history (Fig. 2b,c) suggests that there might be
periods prone to enhanced coupling between crustal reworking
and surface mechanisms.
4. Protolith chemistry and partial melting conditions

Nanorocks represent melts and fluids in equilibrium with the
bulk rock residue (Acosta-Vigil et al., 2017). The composition of
primary melt and fluid phases depends on the chemistry of the
source material (e.g. Le Breton and Thompson, 1988; Clemens
and Stevens, 2012). In the continental crust, minor compositional
variations (e.g. Fe + Mg and K contents) (Condie, 1993) in the upper
crust can lead to significant variations in the depth and sequence of
devolatilisation events and influence the nature of partial melting
5

reactions and the chemistry of the resulting magmas. For instance,
changes in the composition of siliciclastic and volcanoclastic sedi-
ments from the Archean to the Phanerozoic are reflected in the
evolution of anatectic liquid chemistry towards an increasingly
Mg-poor, Ca-rich, less viscous monzogranitic melt (Nicoli and
Dyck, 2018; Nicoli, 2019). Although data on the volatile content
of primary melt inclusions is still scarce, we compared H2O and
CO2 contents of rehomogenised inclusions with proposed protolith
compositions (Fig. 3a). Protolith with high Ca/(Ca + Na) and Mg#
(Mg# = Mg2+/(Mg2+ + Fe2+)) and low-K tend to favour anatectic
melt with higher H2O and CO2 contents. This is consistent with
previous findings (Nicoli and Dyck, 2018; Nicoli, 2019) which have
showed that the ferromagnesium content of siliciclastic rocks
influences the temperature of mica breakdown and the amount
of water available at solidus conditions. Calc-silicate, meta-
carbonate, and high-Ca siliciclastic rocks are able to retain greatest
quantities of carbon under metamorphic conditions typical of
accretionary and collision orogenies. This is because most of the
metamorphic carbon is held in the crystal structure of the carbon-
ate minerals, calcite [CaCO3] and dolomite [CaMg(CO3)2], and the
stability of these minerals is greatest in compositions high in
CaO, SiO2, and MgO. The composition of primary melt and fluid
phases is also determined by where and when along the prograde
path they are produced and then entrapped into growing peritectic
phases, which then relates to the degree of partial melting. At the
mineral scale, the composition is influenced by the interplay
between kinetics of diffusion between melt and minerals, the pos-
sibility of mineral recrystallization and the time gap between the
onset of partial melting and entrapment (Acosta-Vigil et al.,
2017). Therefore, the nanorock archive and associated fluid phases
in metasedimentary rocks have been primarily used to investigate



Fig. 2. Nanorocks and primary COH(±N) fluid inclusions. (a) Metamorphic condi-
tions at which melt and fluid inclusions are entrapped by growing peritectic
mineral phases (e.g. garnet, plagioclase). 1 - wet granite solidus; 2 – dry granite
solidus. The kernel density represents the domain of equilibration of granulitic
rocks, from 3.0 Ga to the present (Harley, 1989). (b) Main occurrence of inclusions
in high-grade metamorphic mineral in different protoliths. Arrows represent
principal graphite deposits (Luque et al., 2014). Dashed line: igneous deposit; plain
line: metamorphic deposit. (c) Occurrence of S-type granites (updated database
from Clemens et al., 2011; Taylor et al., 2014). The dashed line indicates the
occurrence of S-type zircons reconstructed from river sediments (Zhu et al., 2020).
Vertical shaded areas represent supercontinent assembly phases.
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the primary composition of anatectic melts (e.g. Cesare et al., 2011,
2015; Bartoli et al., 2014), the nature of the melting and reaction
and fluid budget of the continental crust (e.g. Acosta-Vigil et al.,
2010; Carvalho et al., 2019; Ferrero et al., 2011, 2014, 2016a;
Ferri et al., 2020; Gianola et al., 2020; Tacchetto et al., 2019;
Acosta-Vigilet al., 2007).

To investigate further the relation between the H2O and CO2

content of nanorocks and secular changes in the composition and
the thermal state of the crust, we used phase equilibria modelling
on average shale bulk compositions from the Archean (2.5–3.0 Ga),
Proterozoic (0.6–2.5 Ga) and Phanerozoic (0–0.6 Ga) (Condie,
1993). Shales, primary source of anatectic melts, form from the
accumulation of products of weathered continental material in
passive continental margins, later remobilised during continental
collision (Condie, 1993; Bradley, 2008). We then defined a set of
PT paths by considering minimum and maximum orogenic meta-
morphic gradient (i.e. T/P > 500 �C·GPa�1) over periods of 200 Ma
6

(Brown and Johnson, 2018). We used version 6.9.0 of the Perple_X
software package (Connolly, 2009) and the 2004 update of the
Holland and Powell (2011) thermodynamic database (http://
www.perplex.ethz.ch/) in the system Na2O-CaO-K2O-FeO-MgO-
Al2O3-SiO2-H2O-TiO2 (NCKFMASHT). The solution models used
are as follows: silicate melt model, garnet, chlorite, muscovite, bio-
tite, orthopyroxene after White et al. (2014); feldspar (Fuhrman
and Lindsley, 1988); amphibole model after Diener and Powell
(2012). First, we followed the same approach used by Nicoli and
Dyck (2018) and individually fixed bulk-rock water content at
the point at which the relevant geotherm intersects the solidus
to permit water-absent partial melting. Results are presented in
Table 2 and Fig. 3b.

Nanorocks contain a variable amount of H2O, from 2 wt.% to
14 wt.% (Bartoli et al., 2014, 2019; Carvalho et al., 2019; Ferri
et al., 2020) (Fig. 3a). Our modelling reproduces the entire range
of observed H2O contents in anatectic inclusions. The secular evo-
lution of the thermal state of the crust (i.e. apparent metamorphic
gradient, T/P - Brown and Johnson, 2018), combined with changes
in the shale chemistry (Condie, 1993) directly influences the water
content of the melt (Nicoli and Dyck, 2018). Our modelling shows
that maximum water contents in the melt is reached for low T/P
(<1000 �C·GPa�1) gradient at 0–1.2 Ga, 1.8–2.0 Ga and 2.4–2.8 Ga,
corresponding to periods of well-established plate tectonic mech-
anisms, generalisation of mobile lid tectonics and transition from
stagnant lid to mobile lid tectonics respectively (e.g. Condie,
2018; Holder et al., 2019; Palin et al, 2020) (Fig. 3b). Minimum
melt water contents are reached during the tectomagmatic lull at
2.2–2.3 Ga (Spencer et al., 2018) and the Boring Billion, during
which single lid tectonic regimes might have been the dominant
geodynamic regimedominated (Stern, 2020). Our modelling also
suggests that the range of melt water content for high T/P
(>1000 �C·GPa�1) might have been constant since the Archean.

In order to estimate the concentration of CO2 in the combined
melt and the fluid phase, we used the Phanerozoic shale composi-
tion in the NCKFMASHT-CO2, adding a fluid phase (Connolly and
Trommsdorff, 1991) and carbonates (Holland and Powell, 2011;
Kuhn, 2004) to the solution model. We calculated XCO2 (XCO2 = CO2/
(CO2 + H2O)) between 750 �C and 1150 �C along the two metamor-
phic gradients encompassing the conditions of rehomogenisations,
650 �C·GPa�1 and 850 �C·GPa�1, at fixed bulk H2O content, 1.75 wt.%
and 1.35 wt.% respectively (Table 1) (Fig. 3c). The CO2 content of
nanorocks varies between 180 ppm and 8100 ppm (e.g. Carvalho
et al., 2019; Ferri et al., 2020; Gianola et al., 2020; Ferrero et al.,
2021). Although the data set is restrained to the Phanerozoic and
Neoproterozoic, it is worth noting that there is an apparent posi-
tive correlation between concentration in CO2 in the melt and
the temperature (Fig. 3c). The modelling reproduces inclusions
with CO2 concentration <3000 ppm for a maximum XCO2 of 0.02.
Higher CO2 concentration values are reached for XCO2 between
0.05 and 0.1. It is worth noting that our modelling only considers
a single source (i.e. shale). In reality, sediments in passive margins
range from quartzite to volcanoclastic to carbonate (Veizer and
Mackenzie, 2004). Hence, our modelling only provides an overview
of the melting/volatile relationship in the deep continental crust.
5. Discussion

5.1. Connecting nanorocks to the global volatile cycle

The presence of CO2 in the lower crust has been long argued to
be the results of slab decarbonation and fluid flux from the mantle
wedge since the late Archean (Newton et al., 1980; Newton, 1987;
Santosh and Omori, 2008; Touret et al., 2016). Although ascending
CO2 percolation might still have occurred at the crust/mantle inter-

http://www.perplex.ethz.ch/
http://www.perplex.ethz.ch/


Fig. 3. Water and carbon dioxide content in rehomogenised melt inclusions from
metasedimentary rocks estimated by difference from EMP totals or via NanoSIMS
analyses. (a) H2O and CO2 content in inclusion plotted as a function of bulk rock
protolith in Ca/(Ca + Na) – K – Mg# space. Mg# = Mg2+/(Mg2+ + Fe2+). Both ternary
diagrams have identical axes. (b) H2O content in modelled melt and melt inclusions
(MI). The shaded areas represent the range of water content between Tsolidus and
T1200 for the minimum and maximum metamorphic gradients for each bin of
200 Ma. Vertical bars areas represent supercontinent assembly. TML: tectomag-
matic lull (Spencer et al., 2018). The colour code for each datapoint correspond to
the apparent metamorphic gradient (T/P). (c) CO2 content in modelled melt and
melt inclusions (MI) for different XCO2 (i.e. CO2/(H2O + CO2)) as a function of
rehomogenisation temperatures. Linear regression on the average CO2 content at
given temperature with a 1r error envelope (grey area) is also shown.
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face, the primary nature of the nanorocks and associated primary
COH(±N) fluids argues in favour of an internally derived source,
making these inclusions preserved snapshots of deep crustal
reworking processes. Therefore, their presence in metasedimen-
tary rocks has a great potential as it offers a new tool to understand
and quantify the transfer of volatile elements from the surface (e.g.
formation of the protolith via weathering and erosion) to the lower
crust.

In this part of the discussion, we show that the occurrence of MI
and FI in high-grade rocks might be linked to the different phases
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of the Wilson cycle during the Phanerozoic, which as best as we
know controls the modern carbon cycle (Wong et al., 2019).

During continental break-up phases (50–150 Ma, 400–500 Ma;
Condie et al., 2015), atmospheric CO2 increased mainly as the
results of crustal extension and degassing from rift zones (Berner
and Kothavala, 2001; Foley and Fischer, 2017; Wong et al., 2019)
(Fig. 4a). During continental assembly phases (150–400 Ma and
>500 Ma), the increase in orogenic activity was followed by an
increase in the weathering rate (François et al., 1993), drawing
CO2 from the atmosphere into siliciclastic sediments (Berner and
Kothavala, 2001) (Fig. 4a). Continental silicate weathering is esti-
mated to currently consume 38–75 MT C·yr�1 (e.g., Gaillardet
et al., 1999 and references therein). Carbon-bearing sediment
amalgamate in passive margins, which are in turn remobilised dur-
ing continental collision (Bradley, 2008). The burial of supracrustal
rocks could then bring a substantial amount of CO2 and H2O
towards crustal reworking sites. Along the way, devolatilisation
reactions releases COH(±N) fluids into the middle crust. Steward
et al. (2019) estimated that 2–23 MT C·yr�1 are currently produced
by metamorphic degassing in collision settings. If we consider
these current outgassing rates and that up to half of the weathered
continental silicate material deposited in passive margin is
ultimately remobilised during crustal thickening, up to 50% of
the carbon remains trapped in the root of orogenic belts and
preserved passed partial melting conditions.

The occurrence of MI and FI in the geological record coincides
with episodes of crustal thickening and high melt productivity
(>50 vol%, Fig. 4b). These different observations highlight a ~ 320
Ma cyclicity for the transfer of volatiles from the crustal reservoir
to the surface reservoir (Fig. 4b). This is in agreement with the
tempo of orogenic activity (~80 Ma) (Brown et al., 2020), the 300
Ma periodicity of the magmatic/volcanic cycle (Brink, 2019) and
the fact that the global flux of weathered material recycled into
the mantle is currently balanced by addition of material at Earth’s
surface mainly in accretionary and collisional zones (Scholl and
von Huene, 2007; Clift et al., 2009; Hawkesworth et al., 2010;
Guo and Korenaga, 2020). Therefore, even if additional mecha-
nisms need to be taken into consideration, such as glaciation
(Foster et al., 2017) and cosmic cycles (Berger, 2013; Brink, 2019)
(Fig. 4b), orogenic activity (weathering + metamorphism) might
be capable to influence Earth’s climate every ~160 Ma (Fig. 4b).

The continental crust is the third most important carbon reser-
voir on Earth (6.5 � 107 GT C), after the core (4 � 109 GT C) and the
mantle (3 � 108 GT C) (DePaolo, 2015). Garnet was proposed to
represent 4.9 vol% of the total crustal mass (Ronov and
Yaroshevsky, 1969), and it is known to form mostly in the T
range > 400 �C to > 1000 �C in metamorphosed crustal rocks
(Baxter et al., 2013). As melt is stable from T > 700 �C, we consid-
ered that ~ 50% of the garnet forms in suprasolidus conditions (i.e.
2.5% of the total crustal mass). Assuming that 30%–50% of the crys-
tal volume of these garnets is occupied by inclusions containing 2–
14 wt.% H2O and 180 ppm and 8100 ppm CO2 (Parisatto et al.,
2018), the current maximum global amounts of water and carbon
trapped in nanorocks are 105–106 GT and 103–105 GT respectively.
As a comparison, these estimates would correspond to the equiva-
lent of one Greenland ice sheet (2.3 � 106 GT H2O) and one to two
Earth’s atmosphere (5.9 � 102 GT C) (Eakins and Sharman, 2010;
Lee et al., 2019). These estimates are made assuming that all peri-
tectic garnets have inclusions and all inclusions are preserved melt.
Therefore, our mass balance calculation only gives an insight into
the importance of the formation and stabilisation of a partially
molten lower crust on the long-term storage of volatiles in the
deep Earth (Touret, 2003). The presence of exposed late Archean
metasedimentary granulitic rocks in the geological record
(Harley, 1989) would then suggest the duration of this storage
could easily exceed 2.5 Ga.



Table 2
Modelled bulk and melt water content along minimum (T/Pmin) and maximum (T/Pmax) orogenic metamorphic geothermal (T/P – Brown and Johnson, 2018) per bin of 200 Ma,
using shale compositions from Condie (1993) as starting material.

Bin (Ma) T/Pmin T/Pmax

T/P
(�C·GPa�1)

Tsolidus
(�C)

H2Obulk Tsolidus
(wt.%)

H2Omelt T1200
(wt.%)

H2O melt
Tsolidus (wt.%)

T/P
(�C·GPa�1)

Tsolidus
(�C)

H2Obulk

Tsolidus (wt.%)
H2Omelt T1200
(wt.%)

H2Omelt

Tsolidus (wt.%)

0–200 547 722 1.75 2.14 14.49 1500 722 0.88 0.91 6.71
200–400 518 722 1.75 2.24 14.92 1321 722 0.95 0.98 8.02
400–600 500 722 1.75 2.34 15.38 1500 722 0.88 0.91 6.71
600–800 507 722 1.75 2.34 15.38 1727 722 0.83 0.86 6.19
800–1000 571 722 1.7 2.60 15.18 1517 722 0.93 0.98 7.21
1000–1200 503 722 1.7 2.86 15.53 1629 722 0.93 0.98 6.53
1200–1400 850 735 1.53 1.82 9.91 2111 722 0.8 0.85 6.53
1400–1600 618 735 1.7 2.32 13.31 1500 722 0.93 0.98 7.21
1600–1800 682 735 1.7 2.25 12.61 1493 722 0.93 0.98 7.21
1800–2000 500 722 1.7 2.86 15.53 2000 722 0.8 0.85 6.53
2000–2200 650 735 1.7 2.25 12.61 1600 722 0.93 0.98 7.21
2200–2400 1269 722 0.93 1.00 7.92 1282 722 0.93 1.00 7.92
2400–2600 512 771 1.33 2.59 12.92 1313 735 1.45 1.52 6.92
2600–2800 621 735 1.36 2.25 13.31 1686 710 1.4 1.46 7.12
2800–3000 732 771 1 1.49 9.27 1068 735 1.33 1.49 8.17

Fig. 4. Phanerozoic Wilson cycle showing the main trends in atmospheric and
crustal evolution. (a) Atmospheric composition - GEOCARB III (Berner and
Kothavala, 2001). Chemical weathering rate weatherability of continental silicate,
calculated using the exposed land area, the average surface temperature and the
atmospheric CO2 pressure. The curve is normalised to the present day (François
et al., 1993). Average metamorphic temperature in the deep crust (>850 �C and 1
GPa – Fig. 1a, with 1r error envelope) (Brown and Johnson, 2018) and melt
production equivalent from Phanerozoic shales (vol.%). Number of active orogeny
after Condie et al. (2015). Rift episodes after Hunt et al. (2017); Sánchez-García et al.
(2019). Vertical shaded areas highlight the presence of primary MI and FI in the
geological record. (b) Cyclic volatile reservoir transfers through the Phanerozoic
(plain line); cosmic cycle (dashed line) and glacial epochs (rectangle) (Berger, 2013;
Brink, 2019). Crustal storage alternate with surface storage over a period of
~320 Ma.
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Recent publications (Mason et al., 2017; Salem et al., 2019) have
demonstrated that in convergent margins, sedimentary carbonates
significantly contribute to the carbon budget of active arc volca-
noes. About 75% of the emitted carbon would derive from crustal
carbonate (Mason et al., 2017). The assimilation of carbon from
crustal fluids and metasedimentary rocks has also been observed
in continental large igneous provinces (Black and Gibson, 2019).
The compilation of melt inclusions and gas emissions data from
various tectonic settings highlights the importance of the presence
of a crustal reservoir on the exogenic volatile flux budget (Fig. 5).
Despite possible degassing effects during magma ascent, melt
inclusions in komatiite – proxy for the primitive mantle (Sobolev
et al., 2016), and melt inclusion in high-grade metamorphic rocks
define two distinct endmembers (Fig. 5a). The primitive mantle,
and to some extent mid-oceanic ridge basalts (MORBs), have a
low water and low carbon content, unlike anatectic melts
(Fig. 5a). The volatile content of plume, rift and arc volcanoes melt
can then be interpreted as the results of mixing between the crust
and the mantle. The same pattern is found when analysing the iso-
topic composition (He, C) of gas emission from active volcanoes
and shear zones (Fig. 5b). Arc and rift settings display a mixed sig-
nature of both a mantle source and a low-metamorphic grade sili-
ciclastic/carbonate source (e.g. Mason et al., 2017). Shear zone and
faults might remobilise a significant amount of both high-grade
crustal material and organic matter (d13C < –20) during earth-
quakes. Thus, the presence of a metamorphic continental reservoir
seems to have a long lasting effect on the global carbon cycle. Such
fundamental question then links the evolution of Earth’s fluid
envelopes to the evolution of the crust, plate tectonics and the
supercontinent cycle (Touret et al., 2016).

5.2. Implications for the evolution of plate tectonics

In this part, we discuss how the occurrence of nanorocks can
help decipher the nature and evolution of geodynamic processes
through time. The relative absence, up to date, of studies reporting
nanorocks and COH(±N) fluid inclusions in terrains older than 0.6
Ga may be due either to (i) the preferential preservation of the con-
tinental crust, or (ii) a preservation issue (i.e. the inclusions origi-
nally present in the rock were then erased via as result of
extensive rock re-equilibration and deformation) or (iii) a simple
lack of data for this period. The first scenario is still disputed. Using
the geochronological record, some studies have suggested that
peaks in zircon abundance reflect an increase in continental
growth rates (e.g. Condie, 1998; O’Neill et al., 2007). In contrast,
8



Fig. 5. Crustal input in volatile outgassing. (a) Measured volatile content (CO2, H2O)
in melt inclusion in different geological settings (see Supplementary Data). MOR
(mid-oceanic ridge) and nanorocks in the lower continental crust (LLC) represent
two well-defined mantle and crustal endmembers respectively. The volatile content
of plume (hot spot), arc volcanoes and continental rift might result from
combination of mantle and crustal melt. The shaded area represents the range of
H2O value in nanorocks with no matching CO2 values. Primitive mantle composition
from komatiite melt inclusions. (b) Isotopic composition of volcanic and metamor-
phic gas (same colour code as Fig. 3a). R/Ra: 3He/4He in the sample (R), normalised
to that in the atmosphere (RA = 1.38 � 10-6), d13C reports carbon isotopes as the
ratio of the heavy 13C isotope relative to the lighter 12C isotope relative to a standard
in ‰. GS-Gn arrows indicates the range of d13C composition found in metamorphic
rocks from greenschists (GS) to Gn granulite (Gn) facies conditions. Fault represents
the outgassing of the upper to middle crust caused by earthquake.
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other studies have proposed that these peaks are contemporane-
ous with periods of supercontinent activity and are in fact an arti-
fact related to the preferential preservation of certain magmas
during collision cycles (e.g. Hawkesworth et al., 2009, 2010;
Condie et al., 2011). However, a recent statistical treatment of
the geochronological archive favours the episodic production of
continental material, coupled with a proportional destruction
(Puetz and Condie, 2020). The second is rather unlikely, as we find
nanorocks in much older terranes with a complex metamorphic
history. The third option is not as far-fetched as it may sound.
Nanorocks were -and still often are- found in high grade terranes
already extensively investigated for decades (e.g., Kerala Khon-
dalite belt in India, Cesare et al., 2009; Ferrero et al., 2012) or even
for centuries (e.g., Bohemian Massif, Ferrero et al., 2018b; Borghini
et al., 2020). This suggests that they have been previously
overlooked, possibly due to their small size, coupled with the
unexpected oddity of having melt inclusions, typically a feature
of igneous rocks, in metamorphic rocks.,

Some studies proposed that self-sustaining subduction zones
did not appear until ca. 2.0 Ga (Condie, 2018; Holder et al., 2019;
Lenardic et al., 2019), others later in the Neoproterozoic (e.g.
Stern, 2020). Until it did, the lack of tectonic feedback between
the atmosphere and the solid Earth led to a net outgassing of water
vapor, carbon dioxide and nitrogen into the primitive atmosphere
and ocean (Shaw, 2008). While the loss of a significant part of the
hydrogen to space led to the permanent oxidation of the Earth’s
surface (Catling et al., 2001; Zahnle et al., 2019), CO2 and a part
of H2O present in the fluid envelopes were assimilated into the
lithosphere through weathering processes (Bickle, 1996; West
et al., 2002) and biological activity from 3.0 Ga onwards (i.e. oxy-
gen photosynthesis – Lepot, 2020). The increase in carbon and
hydrogen-saturated mineral species between 2.0 Ga and 3.0 Ga
(Hazen et al., 2019) and the slow transition from stagnant-lid to
mobile-lid tectonics can be then interpreted as the result of the
increasing pairing between surface processes and deep Earth
mechanisms (Valley et al., 2005; Sobolev and Brown, 2019).

Since 3.0 Ga critical changes in the thickness and thermal state
of the crust, degree of crustal reworking and partial melting and
the compositional variability of the crust (e.g. Condie, 1993;
Veizer and Mackenzie, 2004; Nicoli et al., 2016; Brown and
Johnson, 2018; Nicoli and Dyck, 2018; Palin et al., 2020), are
thought to have led to a different, more efficient recycling method
and long-term storage of volatile in the mantle through the gener-
alisation of subduction zones (Newton, 1987; Santosh and Omori,
2008; Touret et al., 2016; Condie, 2018). Moreover, with the
increase in continental volume and orogenic activity since 2.9–
3.0 Ga (e.g. Dhuime et al., 2012; Condie et al., 2015), the volatile
budget of the continental crust might have also grown with time
(Santosh and Omori, 2008; Palya et al., 2011). Thus, the progressive
storage of H, C and N in the solid Earth from 3.0 Ga onwards (e.g.
Campbell and Taylor, 1983; Boerner et al., 1996; Berner and
Berner, 2004; Touret et al., 2016) might have conjointly modified
the physicochemical properties of Earth’s solid and fluid envelopes
(Korenaga, 2018). This could have launched the Earth system in a
global feedback loop between deep Earth mechanisms and surface
cycles (Goldblatt et al., 2009; Kerrich et al., 2006; Nisbet and
Fowler, 2011).

The intrinsic link between the composition of the source (i.e.
major and trace element chemistry and volatile content), the pres-
ence crustal derived magmas (e.g. Clemens et al., 2011; Nicoli et al.,
2017; Villaros et al., 2009) (Fig. 2b, c) and graphite deposits (Luque
et al., 2014) might suggest that some periods of Earth’s history are
more prone to the reworking of supracrustal lithologies than
others (Campbell and Taylor, 1983). As it has been argued for the
occurrence of graphite in the middle to lower crust (Oliver, 1992;
Boerner et al., 1996; Wannamaker, 2000), the occurrence of pri-
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mary MI and FI in the geological record could directly evidence
the efficiency of the exchange and redistribution of volatiles
between the surface and the crust. As most of the MI and FI are
younger than 850 Ma, one could link their occurrence to the pres-
ence of well-established plate tectonic mechanisms (Brown, 2006;
Brown et al., 2020; Palin et al., 2020). It is worth noting that out-
side the Phanerozoic and late Neoproterozoic, MI and FI in
metasedimentary rocks mainly occur between 2.5 Ga and 3.0 Ga
(Fig. 2b and 3a), a period interpreted by some as the transition
from a stagnant-lid regime to a mobile regime (Condie, 2018 and
references therein). Additionally, and despite the lack of data on
inclusions between 1.6 Ga and 2.1 Ga, the relatively high abun-
dance of S-type granites (Fig. 2c) suggests that Paleoproterozoic
terrains should contain a significant amount of nanorocks and pri-
mary COH(±N) fluid inclusions. This last period corresponds to the
formation of the Columbia-Nuna supercontinent, characterised by
an intense orogenic activity (Condie et al., 2015), and contains the
first evidence of cold, long-lasting subduction zones (e.g. Weller
and St-Onge, 2017; Holder et al., 2019; Wan et al., 2020). On the
other end, the lack of data for the Boring Billion (0.85-1.7 Ga) could
also be explained by the presence of single lid tectonics (Stern,
2020). Little continental reconfiguration and stable atmospheric
and oceanic conditions (Roberts, 2013; Condie et al., 2015) would
translate into limited transfer of volatiles from the surface to the
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deep crust and the mantle, as indicated by the abundance of dry
magmas during this period (Ashwal, 2010; Condie et al., 2014).

Therefore, the current distribution of MI and FI in metasedi-
mentary rocks might argue for some degree of non-
unformitarianism in the evolution of plate tectonics. Further work
is needed to complete the database and explore the different geo-
dynamic scenarios mentioned above.
6. Conclusion and perspectives

The presence of preserved anatectic melt and volatile elements
in inclusion in high-grade metamorphic mineral constitutes an
incredible archive to investigate partial melting processes and
crustal differentiation. The re-investigation of high-grade meta-
morphic rocks with the precise aim of finding preserved primary
inclusions of deep fluids, coupled with the recent improvements
in analytical techniques have showed that the amount of
COH(±N) fluids in the lower crust might actually be higher than
previously expected. However, while the volatile content of MI
has been extensively studied in volcanic rocks, only a few studies
focused on the origin and the implications of COH(±N)-fluids in
MI and FI inclusions in high-grade metamorphic terranes for the
evolution of geodynamic processes.

In the light of our findings, we argue that the lower crust might
constitute an essential, long-term, volatile (i.e� H2O, CO2) storage
unit, capable of influencing the composition of the surface envel-
opes through the mean of weathering, crustal thickening, partial
melting and crustal assimilation during volcanic activity. Such
hypothesis has implication beyond the scope of metamorphic
petrology as it links geodynamic mechanisms to habitable surface
conditions. Although most metamorphic studies focused on water
and carbon dioxide, there is a still a large range of other volatile
elements (e.g. S, N, Cl, F) that remain to be investigated in the con-
text of preserved MI. Further constraints on the behaviour of vola-
tile elements within the deep crust will be provided by future MI
and FI studies in metamorphic rocks and will surely yield impor-
tant new information on exchanges between reservoirs, giving
greater insight into Earth’s cycles.

In conclusion, that of the MI and FI in metamorphic rocks is a
rich but still relatively uncharted realm. Its potential is vast but
still partially untapped, as extensively discussed in the present
work. In the near future, a concerted research effort should aim
to find and characterise new instances of pristine inclusions in
periods of the Earth’s history currently underrepresented in our
database, e.g. the Boring Billion. The merging of the messages of
thousands of minuscule droplets of fluids trapped in the deepest
roots of the continental plates will then eventually provide a truly
comprehensive portrait of how the Earth’s evolution proceeds
through geological time.
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