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Large melt volumes in metagranitoid lithologies are described in numerous orogens and often play a major role in the strain
distribution within the orogenic crust. In a continental crust devoid of free water, melt fractions above 10 vol % in metagranitoid
rocks can only be generated by the influx of external water via a fluid phase. One possible origin of these aqueous fluids is the
subsolidus dehydration of the surrounding metasedimentary rocks. To test this hypothesis, a path-dependent multi-system phase
equilibrium model was developed. This model simulates the amount of aqueous fluid produced by a metasedimentary system in
the temperature interval between the solidus of the orthogneiss and that of the metasediment. This amount of aqueous fluid is
transferred to the orthogneiss system, and the new melt fraction is calculated. This simulation was carried out along eight prograde
Pressure-Temperature (P-T) paths using metapelite/orthogneiss and metagraywacke/orthogneiss associations. The results show
that metasedimentary rocks produce between 0.01 and 0.2 wt % of aqueous fluid due to the breakdown of staurolite and paragonite,
and the minor consumption of muscovite and biotite. Nevertheless, the small amount of aqueous fluid increases the melt fractions of
the orthogneiss system by several percent, making orthogneiss the most fertile lithology along most prograde paths at temperatures
below 750°C and pressures from 0.5 to 1.5 GPa. If less than half of the crust is composed of orthogneiss, the volume of melt generated
in the orthogneiss is sufficient to significantly weaken it, allowing deformation to localize within the orthogneiss bodies. We propose
that this strain localization situation creates preferential pathways for additional fluid influxes, which enhances partial melting in
metagranitoid lithologies and creates a positive feedback loop. Our results suggest that this process may occur in most prograde
P-T paths in orogenic crusts composed of metasedimentary rocks and orthogneisses.

Keywords partial melting, aqueous fluid influx, heterogeneous orogenic crust, path-dependent thermodynamic modeling

Introduction orogenic evolution (Vanardois et al, 2024; Tao et al, 2025; Fig. 1).
However, these reactions require the addition of external aqueous
fluid to generate melt quantities higher than 5-10 vol % (Gardien et al,
2000; Hasalova et al., 2008; Webb et al, 2015).

Aqueous fluid influx can be generated by a mantle source (e.g.
Collins et al, 2020; Volante et al, 2025), the crystallization of hydrous
magmas (e.g. Annen & Sparks, 2002; Davidson et al, 2007; Villaros
et al, 2018; Couzinié et al, 2021), or by subsolidus metamorphic
dehydration reactions in H,O-rich lithologies (metapelites) during

Experimental studies have shown that a small percentage of melt is
enough to significantly decrease the differential strength necessary to
deform rocks (Rosenberg & Handy, 2005). This has a major control
on strain localization within the orogenic crust (Mancktelow, 2002;
Gardner et al, 2017; Piazolo et al., 2020). Thus, strain localization and
orogenic evolution in the middle and lower orogenic crust are mainly
controlled by the occurrence of partial melting (Vanderhaeghe, 2009).

Metapelite is typically considered the most fertile lithology in the crust
because it can produce large quantities of melt through micas dehy-
dration reactions (Clemens & Vielzeuf, 1987; Clemens, 2012; Brown,
2013; Clemens et al., 2020) and likely play a major role on strain local-
ization. Due to the absence of aqueous fluid in the middle and lower
orogenic crust, water-flux reactions are assumed to have a limited
contribution to melt production (Thompson, 1983; Yardley, 2009, 2012;
Tafur & Diener, 2020). However, several studies have documented
large melt fractions (> 10 vol %) in metagranitoid lithologies resulting
from water-flux melting (White et al,, 2005; Sawyer, 2010; Weinberg &
Hasalovd, 2015) and discussed their role on strain localization during

prograde metamorphism (e.g. White et al, 2005; Berger et al, 2008;
Sawyer, 2010). The hypotheses invoking external sources, such as the
mantle and magmas, require pathways in the orogenic crust through
which aqueous fluid or melt could migrate efficiently (Weinberg &
Hasalovd, 2015; Tafur & Diener, 2020). In contrast, studies have pro-
posed that the presence of aqueous fluid during partial melting of
orthogneiss can trigger the formation of crustal-scale shear zones
(e.g. Vanardois et al, 2024; Tao et al, 2025). These results suggest
the presence of an in-situ or nearby source of aqueous fluid during
the partial melting of the orthogneisses. It has been proposed that
aqueous fluid generated by the dehydration of metasedimentary rocks
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Figure 1 Overview of studies documenting strain localization related to water-flux partial melting of metagranitoid lithologies. The base map is
modified from Liou et al. (2004). [1] Carvalho et al, 2016; [2] Franca et al., 2019; [3] Sawyer, 2010; [4] Lee & Cho, 2013; [5] Lambert et al., 2023; [6]
Viegas et al.,, 2014; [7] Couzinié et al.,, 2021; [8] Scalabrin et al., 2025; [9] Garcia-Arias et al., 2015; [10] Tao et al., 2025; [11] Vanardois et al., 2022; [12]
Vanardois et al., 2024; [13] Levy et al., 2025; [14] Levine, 2011; [15] Sperandio et al., 2025; [16] Ferreira et al., 2021; [17] Delinardo-Silva et al., 2025; [18]
Kumar et al., 2022; [19] Varga et al., 2022; [20] Li et al., 2023; [21] Lee et al.,, 2023; [22] Mintrone et al.,, 2022; [23] Lee & Cho, 2020; [24] Collins et al., 1989;
[25] Pognante, 1992; [26] Burri et al., 2005; [27] Slagstad et al., 2005; [28] Mogk, 1992; [29] Escuder Viruete, 1999; [30] Reichardt et al.,, 2010; [31] Jung

et al, 2009; [32] Volante et al., 2020.

surrounding metagranitoid lithologies can be the in-situ or nearby
source of free water (e.g. White et al, 2005; Droop & Brodie, 2012).
Indeed, metagranitoid rocks start melting at lower temperatures than
metasedimentary rocks because the presence of Kfs allows the wet-
solidus granite melting reaction (Kfs+Pl+Qz+H,0 (+ Ms) — L;
Johannes & Holtz, 1996; mineral abbreviations are from Warr (2021),
L is for liquid) to occur. Metasedimentary rocks generally lack Kfs
in the Ms stability field above 0.3 GPa and start melting with the
breakdown of Pl (P1+Ms+Qz+H,0 — L; Patifio Douce & Harris,
1998). This difference creates a P-T window between the two solidi
in which the metagranitoid lithologies are partially molten, while
the metasedimentary lithologies remain free of melt (Fig. 2a). Water-
flux partial melting induces a decrease in the total volume of the
system, thereby draining surrounding fluids (Clemens & Droop, 1998;
Mancktelow, 2006). Therefore, one can assume that aqueous fluid
produced by unmolten metasedimentary lithologies will flow into
partially molten metagranitoid rocks, increasing their melt produc-
tion (Clemens & Droop, 1998; Fig. 2a). This study aims to determine
whether the amount of aqueous fluid produced by metasedimentary
lithologies in the P-T window between the two solidi can increase the
melt fraction within the metagranitoid lithologies enough to control
strain localization. A path-dependent multi-system thermodynamic
model has been developed to simulate this process and quantify the
melt fractions along several prograde P-T trajectories.

Methodology

A program allowing path dependent phase equilibrium modeling of
a multi-lithological system was developed using the Julia program-
ming language (Fig. 2b; WaterMeltPT.jl). The three most abundant
lithologies in the orogenic crust—metapelite, metagraywacke and
orthogneiss—were considered. The bulk rock compositions were
taken from Forshaw & Pattison (2023) for the metapelite, Weisbrod

(1970) for the orthogneiss and Vielzeuf & Montel (1994) for the
metagraywacke (Table S1). In each simulation, a mixed system
(metapelite + orthogneiss or metagraywacke + orthogneiss) follow
the same P-T trajectory. After each P-T increment, the stable phase
assemblage is calculated using Gibbs free energy minimization and
the MAGEMin_C software (Riel et al, 2022). The solution models of
White et al. (2014) were used in the NCKFMASHT system. The P-
T increment was set to 1°C to reflect efficient re-equilibration and
absence of overstepping (Markmann & Lanari, 2026) and slopes are
+3 MPa/°C, +0 MPa/°C or — 3 MPa/°C as a function of the trajectory
(increasing P, isobaric or decreasing P, respectively).

When all lithologies are below subsolidus conditions, aqueous fluid
generated at Tp—Py is extracted from both systems, and no fraction
is kept in a fluid-filled porosity (Fig. 2). When the orthogneiss system
reaches the wet solidus at T,—Py, the aqueous fluid generated in-situ at
Tn—Py is immediately consumed by water-flux melting reactions by the
orthogneiss. In addition, the fraction of aqueous fluid produced by the
unmolten metasedimentary system predicted by the first Gibbs free
energy minimization is transferred to the partially molten orthogneiss
system before performing the second free Gibbs energy minimiza-
tion. When partial melting begins in the metasedimentary system, an
aqueous fluid is no longer present and fluid exchanges cease. From
this point on, both systems evolve as closed systems. In our model,
aqueous fluids are composed exclusively of water (pure H,O). Because
temperature conditions tested remain below 750°C, garnet growing
during the prograde path is kept metastable and its composition is
thus removed from the reactive bulk composition for the rest of the
P-T path. Therefore, the model fractionates garnet from the reactive
system volume along the prograde trajectories. Bulk compositions are
renormalized at each step by MAGEMin_C. Melt extraction was not
considered because the predicted melt fractions remain mainly below
the threshold considered as the limit for melt extraction (i.e. 7 vol
% of melt; Rosenberg & Handy, 2005). Additionally, the total volume
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Figure 2 (a) P-T diagram showing the wet solidus for orthogneiss, metapelite and metagraywacke, as well as the P-T window (in gray) between the
solidi in which the orthogneiss is partially molten and metasedimentary rocks are not. The arrow represents an arbitrary prograde path that passes
through this P-T window. Under these conditions, metasedimentary rocks can release aqueous fluid. If this water is transferred to the orthogneiss,
it can trigger water-flux partial melting. (b) Schematic representation of the path-dependent multi-lithology model along the arbitrary P-T trajectory.
The blue arrows indicate aqueous fluid extraction from the systems (-H,0) or water exchange between the two systems (+H;0).

decrease induced by water-flux melting reactions can also prevent
melt extraction (Clemens & Droop, 1998; Etheridge et al, 2021).

For each step, the predicted phase modes (in molar quantity) are
saved and shown as mode box diagrams to illustrate the metamorphic
evolution of each system (Fig. 3a and b). The amount of aqueous
fluid produced by the metasedimentary system and transferred to
the orthogneiss system is the aqueous fluid molar fraction difference
between the solidus temperatures of the two lithologies used during
the calculation (Fig. 3c and d). The molar melt fractions are calculated
in the metasedimentary and in the orthogneiss systems with and
without fluid transfer. To compare our results with experimental
data, molar melt fractions were converted into volumetric melt frac-
tions (Fig. 3e and f). The impact of the relative abundance between
orthogneiss and metasedimentary rocks was investigated with 1/2
and 1/4 molar fractions (i.e. half of the crust is orthogneiss, and a
quarter of the crust is orthogneiss). For instance, a crust composed of
1/4 molar fractions of orthogneiss, and 3/4 metasedimentary rock, the
orthogneiss will receive three times more water than if the crust was
composed of 1/2 orthogneiss and 1/2 metapelite.

Eight prograde P-T trajectories have been investigated, each of
them from 600 to 750°C with various pressure gradients from positive
to negative (Fig. 4) to represent the diversity of metamorphic evolu-
tions occurring in the orogenic crust. Detailed results of all trajectories
are available in supplementary data.

Results
Solidus conditions and melting reactions

For all eight simulated trajectories, the modeled solidus temperature
of orthogneiss is consistently lower than that of metasedimentary
rocks (Fig. 4a). The solidus of metagraywacke is predicted to occur at

slightly higher temperatures (<20°C) than that of metapelites. The
temperature difference increases with pressure (from 5 to 23°C;
Fig. 4a). In orthogneiss, first melts are produced by the eutectic
reactions Kfs+P1+Qz+ Hy0 — L and Ms + Kfs+Pl+ Qz+H,0 — L.
Because metasedimentary rocks are devoid of Kfs at these P-T
conditions, their first melts are produced by the eutectic reaction
Ms+Pl+Qz+Hy0 — L, occurring at slightly higher temperatures
(~30-40°C; Patifo Douce & Harris, 1998; Weinberg & Hasalova,
2015). This difference of solidus temperature between lithologies is
also observed in experimental data (Winkler & von Platen, 1958,
1960, 1961; Huang & Wyllie, 1973; Johannes & Holtz, 1996; Patifio
Douce & Harris, 1998) and is induced by the hydrated breakdown
of Kfs+Qz at lower temperatures than the hydrated breakdown
of P14+ Qz (Patifo Douce & Harris, 1998). The anorthite content of
plagioclase can have an impact on the solidus temperature conditions
(Winkler & von Platen, 1961; Johannes, 1984) but is likely minor as
plagioclase in orthogneiss are predicted to be more calcic than the
ones in metasedimentary rocks (see supplementary files).

Amount of water

The amount of predicted free water produced during the prograde
path depends on the destabilization of hydrous minerals into anhy-
drous or less hydrous ones. Reactions that produce a free aqueous
fluid can be seen through mode box diagrams (Fig. 3a and b) and
the aqueous fluid molar fraction along the trajectory (Fig. 3c and d).
In the P-T window between the orthogneiss and the metasediment
solidi, the main reactions that release aqueous fluid are related to
the breakdown of staurolite (St+ Ms+ Qz — Ky + Pl+ Bt+H,0) and
paragonite (Pg + Qz — Ms + Pl + H,0), as well as a small consumption
of Na-muscovite and biotite to produce anhydrous minerals such as
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Figure 3 Results of the phase equilibrium simulation for trajectory 4 (isobaric, shown in Fig. 4). (a and b) Mode-box diagrams of the metasediment
system for metapelite and metagraywacke. (c and d) Predicted water quantities (in wt %) released by the metasedimentary rocks within the P-T window
between the two solidi. (e and f) Predicted melt fractions (in vol%) in orthogneiss and metasedimentary rocks as a function of the water exchange
between the two systems and the molar fraction of orthogneiss. Circles represent the melt fractions in orthogneiss at the metasediment solidus
(values in Fig. 4d and f). Squares represent the conditions at which metasedimentary rocks become more fertile than the orthogneiss (values and
tips of arrows in Fig. 4c and e). (g and h) Albite—~Anorthite-Orthoclase (Ab—An-Or) and Quartz-Plagioclase-K-feldspar (Qz-PI-Kfs, PI=An + Ab) ternary
diagrams showing evolution of melt composition in function of temperature increase. Composition of melts in orthogneiss does not change if more
water is added (cf. supplementary files).
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Figure 4 Results of the eight prograde P-T trajectories tested in this study. (a) Temperature conditions of the wet solidus for each lithology along
the P-T trajectory. (b) Amount of aqueous fluid released (in wt %) by the metapelite (black) and by the metagraywacke (gray) between the two solidi
(gray P-T window). Values at the left of trajectories indicate the initial amount of H,O within these rocks (c and e) Arrows indicate the part of the
trajectory where the orthogneiss is the most fertile lithology. The blue arrows represent the results without aqueous fluid exchange between the two
systems. The red and purple arrows represent the results with water exchange and an orthogneiss fraction of '2 and ' of the system, respectively. The
numbers represent the melt fractions in orthogneiss (in vol %) at the conditions where the metasedimentary rock (c: metapelite; e: metagraywacke)
becomes more fertile (tips of the arrows). Where the tip of the arrow reaches 750°C, orthogneiss is the most fertile lithology, and numbers represent
the melt fraction in orthogneiss at 750°C. (d and f) Melt fraction in orthogneiss (in vol %) at the metasedimentary rock solidus conditions (d: metapelite;

f: metagraywacke) for calculations with and without water exchange.
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plagioclase and garnet (e.g. Pg+Bt+ Qz — Ms+Pl+ Grt+ H;0; Na-
Ms — Bt+Pl+Qz +H,0).

The model results indicate that the metasedimentary rocks produce
less than 0.2 wt % of aqueous fluid between their solidus and that of
the orthogneiss (Fig. 4b). Since a metapelite contains more hydrous
minerals than a metagraywacke, a greater amount of aqueous fluid
is generally produced during the prograde path in metapelite than in
metagraywacke (Fig. 4b).

Interestingly, the amount of aqueous fluid produced depends heav-
ily on the P-T trajectory and not on their original H,O contents
(Fig. 4b). Trajectories starting from similar P-T conditions can yield
very different results depending on their P-T slope. For example,
trajectories 3, 4 and 5 all begin at 600°C and 0.8 GPa, with the same
amount of aqueous fluid. However, the amount of aqueous fluid
produced in the solidi window ranges from 0.02 to 0.16 wt % for the
metapelite and from 0.02 to 0.05 wt % for the metagraywacke.

Melt production in orthogneiss

Two main results are used to discuss the significance of the melt pro-
duction in orthogneiss compared to metasedimentary rocks for each
P-T trajectory: (1) the temperature at which the metasedimentary
rocks produced more melt than the orthogneiss, and the correspond-
ing melt fraction in orthogneiss at these conditions (Fig. 4c and e) and
(2) the amount of melt in the orthogneiss at the solidus conditions of
the metasedimentary rocks (Fig. 4d and ).

The first observation is that the type of P-T trajectory strongly
influences the produced melt fractions. Trajectories that start with
similar P-T conditions generate different melt fractions. For instance,
trajectories 6, 7, and 8 start at 600°C and 1.1 GPa and yield melt
fractions of 7.0, 3.0 and 1.6 vol %, respectively, when associated
with metapelites and a fraction of 1/4 orthogneiss (Fig. 4c). These
results suggest that trajectories with isobaric or decreasing-P gradients
can produce higher melt fraction in orthogneiss than trajectories
with increasing-P gradients, but this effect is also dependent on the
lithologies considered (e.g. trajectory 2 is inefficient with metapelite
but important with metagraywacke) and on the metamorphic reac-
tions encountered. The process is less efficient at lower P conditions
because muscovite dehydration reaction occurs at lower temperature
conditions. Results for the two metasedimentary rocks are discussed
separately in the following section.

Metapelite & orthogneiss

Aqueous fluid exchange between the metapelite and orthogneiss
increases the melt fraction produced by the orthogneiss and therefore
the temperature at which the metapelite becomes the most fertile
lithology (Fig. 4c). In particular, the P-T trajectories with higher
amounts of aqueous fluid transferred from metasedimentary rocks
(i.e. trajectories 4, 6, and 7) show an increase of melt fraction within
the orthogneiss by several percent, up to +6.8 vol %, when orthogneiss
represents only a quarter of the crust. Orthogneiss melt fraction is
often around 1 vol % at the metapelitic solidus when aqueous fluid
exchange is considered, and can reach 4-5 vol % when orthogneiss
represents a quarter of the crust. Depending on the fraction of
metapelite and orthogneiss within the crust section considered, the
amount of aqueous fluid transferred to orthogneiss varies and highly
influences melt fraction predicted in orthogneiss (Fig. 4d).
Alternatively, under low-pressure conditions (<0.7 GPa), the mus-
covite dehydration reaction occurs at lower temperatures (~680°0C),

generating large amounts of melt (>5 vol %) within the metapelite and
limiting the importance of water-flux melting reactions.

Metagraywacke & orthogneiss

In the absence of aqueous fluid exchange (blue arrows, Fig. 4e),
the model indicates that orthogneiss is often more fertile than
metagraywacke for temperatures below 750°C (Fig.4e). These
relatively high melt fractions are related to muscovite-consuming
reactions, which are more limited in the metagraywacke due to lower
muscovite fractions.

Under mid-pressure conditions (~0.7-1.2 GPa), orthogneiss becomes
more fertile than metagraywacke when aqueous fluid transfer is
activated. In these cases, the influx of external aqueous fluid can
increase the orthogneiss melt fractions enough to make it the most
fertile lithology up to 750°C (Fig. 4e). Since the predicted amount of
aqueous fluid released by the metagraywacke is smaller than that
released by metapelites, the effect of aqueous fluid exchange between
the two lithologies is less significant. At the metagraywacke solidus, the
orthogneiss melt fractions are mainly around 1 vol % (Fig. 4f), except
few trajectories producing few percents due to muscovite dehydration
occurring at low-P (trajectories 1 and 3).

Melt composition

The evolution of melt compositions as a function of temperature are
shown in Ab-An-Or and Qz-P1-Kfs ternary diagrams (Fig. 3g and h)
and binary diagrams (supplementary files). These projections show
that the melt compositions produced by the three lithologies are
An-poor (Fig. 3g) and Qz-rich (Fig. 3h). However, melt compositions
produced by metapelite and metagraywacke are Or/Kfs-depleted com-
pared to those produced by orthogneiss and show a progressive Or/Kfs
enrichment with increasing temperature (Fig. 3g and h). In contrast,
melt compositions from orthogneiss vary less and instead show an
increase in Ab/PI contents, except for P-T trajectories with decreasing
pressure, which show a slight decrease in Ab/P1 contents. The amount
of aqueous fluid added to the orthogneiss system does not change
the predicted melt compositions (see supplementary file). These dif-
ferences reflect variations in Na,O and K,O contents (Table S2 and
supplementary materials), which are related to the composition of
the reactants: Kfs is richer in KO than Ms, and water-flux melting
reactions in metasedimentary rocks are related to Pl breakdown,
an Na,O-rich phase. Therefore, the anatectic reaction in orthogneiss
(Kfs + P14 Qz+H30 (+ Ms) — L) produces K,O-enriched and Na,O-
depleted melts compared to the anatectic reaction in metapelite and
metagraywacke (Ms+Pl+Qz +H,0 — L). All modelled melt compo-
sitions are consistent with experimental and natural data (Johannes &
Holtz, 1996).

Discussion

Effects of P-T trajectory and fractionation on phase
equilibrium predictions

Several studies have already demonstrated the effect of P-T path
on mineral assemblages predicted by phase equilibrium models (de
Capitani & Petrakakis, 2010; Yakymchuk & Brown, 2014; Yakymchuk
et al, 2017; Mayne et al, 2016; Villaros et al,, 2018), as well as garnet
fractionation (Lanari & Engi, 2017; Kendrick & Yakymchuk, 2020; Pan
et al, 2020). Integrating P-T trajectory-dependency into our model
significantly affect the amounts of aqueous fluid produced by the
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metasedimentary rocks and the melt production in orthogneiss due
to the distinct metamorphic reactions that occur along different P-T
paths in the two lithologies.

The amount of aqueous fluid predicted to be released during
the prograde paths is also influenced by the garnet fractionation
(removal of garnet composition from reactive bulk composition,
see section Methodology). Indeed, garnet fractionation decreases
the amount of garnet formed along prograde trajectories (Lanari
& Engi, 2017), thereby increasing the stability of hydrous min-
erals. For some trajectories under medium-pressure conditions,
garnet fractionation also prevents the production of staurolite
(Ms+Grt — Bt+St+Pl4+Qz+Hy0), which form later by the
consumption of micas (Pg+Bt+Qz — St+Ms+Pl+H,0) also
producing aqueous fluid. Therefore, the amount of aqueous fluid
produced by garnet fractionation models is therefore considered
as minimum values and would be higher if garnet re-equilibrated.
The amount of garnet that crystallizes—and is therefore fractionated
from the reactive part of the system—depends on the P-T trajectory.
For example, the amount of garnet formed increases with pressure
along the P-T trajectories (Lanari & Engi, 2017). Therefore, our
study cannot be reproduced without defining P-T trajectory and
it emphasizes the importance of path-definition in thermodynamic
modelling. Nevertheless, a recent study by Tesser et al. (2025) has
shown that garnet is partially dissolved in metapelite at the onset of
partial melting, suggesting that its behavior is more complex than a
simple refractory phase. Furthermore, garnet is not the only mineral
that does not undergo continuous re-equilibration during prograde
metamorphism and should be fractionated (e.g. plagioclase and mus-
covite; Lanari & Hermann, 2021). However, our current knowledge
of the re-equilibration of metamorphic assemblages is limited and
requires further investigations for inclusion in our models.

Melt fertility in the orogenic crust

Our results demonstrate that metasedimentary rocks can produce
small quantities of aqueous fluid (<0.02 wt %) during prograde meta-
morphism, which can trigger water-flux partial melting in orthogneiss
(Fig. 4). This small amount of aqueous fluid is enough to expand the
P-T window in which orthogneiss is the most fertile lithology in the
orogenic crust. It can also increase the melt fraction of orthogneiss by
several percent (Fig. 4). A positive correlation is observed between the
proportion of metasedimentary rocks in the model and the quantity
of melt produced in the orthogneiss (Fig. 4c to ). Therefore, water-flux
partial melting of metagranitoid rocks can be enhanced by aqueous
fluid released by the surrounding metasedimentary rocks. Our results
indicate that this process is particularly significant in metapelitic crust
containing small bodies of orthogneiss, a common feature in orogenic
crusts (Variscan belt: Martinez-Catalan et al, 2021, Pan-African belts:
Fritz et al, 2013, Himalayan belt: Pognante, 1992; Finch et al, 2014;
Weinberg, 2016; Wang et al, 2022). The results also emphasize that
melt fractions in metagraywacke are so low at temperatures below
750°C that melt fractions in orthogneiss are always higher. Metab-
asites should also melt at higher temperature than orthogneisses
(see solidi in Weinberg & Hasalova, 2015), and thus could contribute
to its water-flux partial melting. Therefore, orthogneiss appears to
be one of the most fertile lithology within heterogeneous orogenic
crusts at temperatures below 750°C. These results demonstrate the
potential of considering heterogeneous lithologies in modeled systems
as soon as fluids or melts might migrate from one lithology to another
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(e.g. White et al, 2005; Markmann & Lanari, 2026). On the other
hand, our results also highlight that the aqueous fluid released by
local metasedimentary rocks cannot produce large melt fractions in
orthogneisses (>20 vol %), except if the fraction of orthogneisses is
extremely small compared to metapelites (about 1/8). In addition,
we used representative bulk compositions for each lithology, but it
is highly probable that variations of these bulk compositions would
influence solidus conditions and fertility of each lithology. Similarly,
some accessories elements can lower solidus conditions (e.g. Li, B, or
F; Johannes & Holtz, 1996), which would also affect the fertility of each
lithology. Finally, melt compositions from metasedimentary rocks are
richer in Na,O and poorer in KO than the melt composition from
orthogneiss (Fig. 3g and h), which could help to identify melt sources.

Implications for strain localization and tectonic
evolution

The influx of external aqueous fluid produced by the metasedimen-
tary rocks can generate several percent volume melt in orthogneiss,
while the metasedimentary rocks are not yet molten or less fertile
(Fig. 4c to ). Based on experimental data (Van der Molen & Paterson,
1979; Rutter & Neumann, 1995; Rushmer, 1995; Holyoke III & Rush-
mer, 2002; Rosenberg & Handy, 2005), it appears that the strength
resistivity of metagranitoid lithologies decreases by ~150 MPa for
each percent of melt until reaching 7-8 vol %. Therefore, even if this
process cannot produce significant amounts of melt in the orogenic
crust, it can cause substantial reductions in the strength of meta-
granitic bodies, which may control strain localization in the orogenic
crust. If the melt fraction in orthogneiss is higher than in metased-
imentary rocks, deformation will be localized in the orthogneiss. As
soon as metasedimentary rocks become more fertile, they will control
ongoing strain localization. In addition, at subsolidus conditions dur-
ing the prograde and retrograde path, strain localization is controlled
by the amount of micas, grain size and inherited structures, often
corresponding to metapelites (Hunter et al, 2016). Therefore, along
a prograde path reaching suprasolidus conditions, strain localization
will be first controlled by metapelites, then by orthogneiss and finally
by metapelites again.

Shear zones nucleated within metagranitoid rocks can act as pref-
erential pathways for additional external water and/or melt influxes
(Mogk, 1992; Mancktelow, 2006; Sawyer, 2010; Tafur & Diener, 2020;
Etheridge et al, 2021). These additional influxes of external aqueous
fluid enhance partial melting via water-flux reaction in metagrani-
toid lithologies, increasing their melt fraction and decreasing their
strength resistivity (Rosenberg & Handy, 2005). Thus, it can localize
ongoing deformation and create a positive feedback loop. Therefore,
we propose that the partial melting of metagranitoid rocks induced by
the release of aqueous fluid from neighboring metasedimentary rocks
initiates this positive feedback loop, inducing the strain localization
within the metagranitic bodies during prograde metamorphism when
reaching their solidus.

The transcurrent crustal-scale East Variscan Shear Zone passing
through the Aiguilles-Rouges and Mont-Blanc massifs is an example
of where this process has likely occurred. In this area, the supra-
solidus anastomosed shear zones are located within the migmatitic
orthogneisses and the surrounding metasedimentary rocks have
reached lower melt fractions (Vanardois et al, 2022, 2024). Field
observations indicate that the partial melting of orthogneisses began
with a planar fabric anterior to the first transcurrent shear zones,
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and subsequent transcurrent shear zones are localized within these
molten orthogneisses. This indicates water-flux partial melting of the
orthogneisses during prograde metamorphism controlled the strain
localization and the formation of the shear zones. Then, evidence
of additional hydrous melt injections and water-influxes promoting
partial melting within the shear zones (Genier et al, 2008; Vanardois
et al., 2022) illustrates the positive feedback loop described above. Our
current study provides an explanation on the origin of aqueous fluid
allowing the partial melting of the orthogneisses and their control
and shear zones localization in the Aiguilles-Rouges and Mont-Blanc
massifs.

Based on thermo-kinematic models simulating crustal thickening,
P-T trajectories mainly reach the wet-solidus conditions during ther-
mal relaxation and decompression (England & Thompson, 1984; Cop-
ley & Weller, 2022). Our results indicate that these trajectories are
among the ones producing the most water in metasedimentary rocks
and melt in orthogneiss (Fig. 4), suggesting that this process is likely
to occur in continental collisions. Given the numerous occurrences of
strain localization within water-flux partially molten metagranitoid
rocks in ancient and recent orogens described around the world
(Fig. 1), this process appears to be common during orogenic evolution
and should be incorporated into future tectonic models.

Conclusion

We presented a path-dependent multi-lithological phase equilibrium
model that emphasizes that the small amount of aqueous fluid
released by metasedimentary rocks during prograde metamorphism
is sufficient to enhance water-flux partial melting in orthogneiss. The
results suggest that orthogneiss is commonly the most fertile lithology
in heterogeneous orogenic crust at amphibolitic facies. Although melt
fractions produced in orthogneiss are relatively small (<10 vol % for
T < 750°C) for crust composed from 1/2 to 1/4 of orthogneiss, they can
be sufficient to control strain localization in the middle and lower
orogenic crust. It could allow for the nucleation of shear zones that
would act as preferential pathways for additional aqueous fluid and
melt influxes, which could create a positive feedback loop.

Supplementary data

Supplementary data are available at Journal of Petrology online.
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