10

15

20

https://doi.org/10.5194/egusphere-2026-4958
Preprint. Discussion started: 3 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Pressure-, temperature- and water-dependent melting in silica-rich
rocks — new parameterization and its application in models of
porous melt flow

Petra Maierové!, Pavla Stipskd', Pavlina Hasalova', Karel Schulmann', Roberto Weinberg?, and
Ondiej Soudek®

Czech Geological Survey, Klarov 3/131, 118 00, Prague 1, Czech Republic.
2School of Earth Atmosphere and Environment, Monash University, Clayton, Victoria 3800, Australia
3Mathematical Institute, Faculty of Mathematics and Physics, Charles University, Sokolovska 83, Prague 8, Czech Republic.

Correspondence: Petra Maierova (petra.maierova@ geology.cz)

Abstract. Melting of the continental crust and transport of melt through it are key processes in the continental crust. Progress in
numerical modeling of these processes is hindered by challenges in implementing the complex melting reactions that occur in
crustal rocks. Here, we propose a description of the melting of micaceous silica-rich rocks based on a simplified parameteriza-
tion of existing thermodynamic models and experimental data. In this parameterization, the equilibrium melt fraction depends
only on the temperature, pressure, and bulk rock water content. It can be implemented in numerical models, is computationally
efficient, and can be tuned to approximate the melting of different metasedimentary and metaigneous rock types. Besides melt
productivity, it determines the water content in the solid matrix and melt, which can be used to estimate melt viscosity. We
demonstrate the applicability of such parameterization on one-dimensional models representing porous melt flow through ver-
tical crustal columns at various conditions. We show that long-lasting porous melt flow typically results in stratification with
a low melt fraction in deep levels and melt accumulation at shallow levels of the partially molten column. In the melt source
region, the water content decreases and heterogeneities disappear. In contrast, in shallow levels of the partially molten column,
melt inflow from below causes heterogeneous enrichment in water content. In addition, due to the decrease of melt viscosity
with pressure, the porous melt flow efficiency increases with depth. At deep-crustal conditions, the melt flow may be efficient

already at ~5-10% melt fraction.

1 Introduction

Melting and melt transport are key processes modifying the structure and composition of the continental crust (e.g., Brown
et al., 2011; Sawyer et al., 2011). Several melt transport mechanisms have been described based on geological evidence, such
as dyking (e.g., Petford et al., 1994; Weinberg and Regenauer-Lieb, 2010), melt segregation and flow through leucosomes in
migmatites (e.g., Weinberg, 1999; Sawyer, 2001) and pervasive melt flow through microscopic pores along grain boundaries
(e.g., Hasalov4 et al., 2008b; étl’pské et al., 2019; Stuart et al., 2016; Chatterjee et al., 2024). Despite the wealth of geological

data and numerous conceptual models, a comprehensive picture of melt transport in the crust is still lacking.
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Numerical modeling is a valuable tool in this respect, as it can help to assess the style and efficiency of the melt transport
mechanisms in different settings and their potential role in crustal differentiation. However, models often focus on particular
aspects of melting and melt transport. For example, melt transport itself has been modeled without taking into account the
melt generation and solidification (e.g., studies of porous melt flow in visco-plastic material (Keller et al., 2013); continuum
approximation of dyking (Li et al., 2023); flow in porosity waves to explain pegmatite formation (Plunder et al., 2022)).
Another group of models accounts for melting but not for the related chemical changes. These models typically define the
melt fraction depending on temperature, pressure and protolith composition, usually based on laboratory experiments (e.g.,
models of magmatic intrusions (Gorczyk and Vogt, 2018; Cao et al., 2016); formation of partially molten zones in the deep
crust (Annen et al., 2006); melt-induced diapirism and convection (Babeyko et al., 2002; Louis-Napoléon et al., 2024)).

In contrast, the impact of melt transport on crustal composition can be properly addressed only in models that include
chemical aspects of melting and solidification. The melting reaction in multicomponent material inevitably induces changes
in chemical compositions of the remaining solid and resulting melt (e.g., Hasalova et al., 2008b; Pavan et al., 2021). The
subsequent melt motion through the solid modifies the local bulk composition of the partially molten rock, affecting its melting
properties — a process referred to as the reactive melt flow (e.g., Jackson et al., 2018). Models of this process therefore require
a definition of equilibrium melt fraction for a continuously changing chemical composition. While for a fixed composition,
it is possible to calculate the melt fraction based on petrological (thermodynamic) simulations, such an approach would be
computationally extremely demanding in a system with reactive melt flow. Besides the computation of the melt fraction,
this “brute-force” approach would require tracking of multiple chemical components that define the composition of the rock.
Despite significant progress in computational capabilities and recent efforts in this direction (Kerswell et al., 2024; Riel et al.,
2022; Rummel et al., 2020), self-consistent thermo-mechanical-petrological models of melt transport through the crust are
lacking. Moreover, in such a complex system, it may be difficult to understand the relationships between the individual model
parameters and to interpret the resulting behavior. It is therefore useful to adopt an alternative approach — a parameterized
description of melting based on knowledge of its key characteristics.

Various parameterizations of crustal melting have been adopted in numerical models of the reactive melt flow. In the simplest
approximation, the melt fraction can be computed by the lever rule from the solidus and liquidus curves that (near-)linearly
depend on the composition represented by a single variable (Schmeling et al., 2019, 2023; Maierova et al., 2023). This ap-
proach can be interpreted as an approximation of a solid solution of two endmember components that differ in their melting
temperatures, where the “composition” variable is the proportion of one of them. More complicated quadratic formulas for the
solidus and liquidus curves were proposed as an approximation of solid-solution and eutectic melting (Solano et al., 2014). In
later studies, the approximate eutectic phase diagram was interpreted in terms of the SiO5 content and compared with the real
rock record (Jackson et al., 2018; Hu et al., 2022; Booth et al., 2024).

Alongside the research of crustal melting and melt transport, analogous processes in the mantle have been modeled (review
by Katz et al., 2022) and various parameterizations of mantle melting have been applied (e.g., Katz and Weatherley, 2012;
Keller and Katz, 2016). A notable case is the widely used thermodynamics- and experiment-based parameterization by Katz

et al. (2003) that includes not only the effects of pressure and temperature but also of the water content.
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The role of water in the reactive melt transport in crustal rocks has not yet been studied numerically; all the advanced
melting parameterizations focused solely on the role of SiO5 (Jackson et al., 2018; Hu et al., 2022; Booth et al., 2024). This
implies a gap in our understanding of crustal melting systems, as many geological, theoretical and experimental studies have
demonstrated that water (H2O) is the key factor that controls the melt productivity of crustal rock types (for summary see
Weinberg and Hasalova, 2015). Similarly to the case of SiO2, the HoO component partitions unevenly between the solid and
melt, and the equilibrium melt fraction therefore changes with the amount of HyO, which is a prerequisite for reactive melt
flow. Water-dominated melting can occur already at temperatures around 650°C (e.g., Vielzeuf and Schmidt, 2001; Weinberg
and Hasalova, 2015)), which is significantly lower than the minimum solidus temperature of 850 °C assumed in the models of
SiOs-dominated melting (Jackson et al., 2018; Hu et al., 2022; Booth et al., 2024).

Water can be present as a free fluid phase or as an HoO component bound in hydrous minerals or in the melt. In a closed
system, the availability of water for melt production mainly depends on dehydration reactions that release HoO from minerals,
because rocks typically contain only a small amount of pore fluid water (e.g., Thompson, 1982; White and Powell, 2002).
Above the wet solidus, it is expected that water can be added as a free fluid phase only at near-solidus conditions, because all
H>0O will be immediately consumed by melt-producing reactions (e.g., White and Powell, 2002). The addition of H,O in a
rock above the wet solidus can occur by the addition of hydrous melt (White and Powell, 2002; Stipska et al., 2019).

Vielzeuf and Schmidt (2001) suggested that melting in silica-rich rocks may be approximately described in a binary system
including an anhydrous rock component and H,O component, and involving reactions between two anhydrous mineral phases,
two hydrous mineral phases (e.g., muscovite and biotite), aqueous fluid phase, and melt. We build on this idea to define a new
parameterization of the melt productivity of silica-rich rocks, depending on pressure, temperature and water content (free fluid
phase and H2O bound in hydrous minerals). We compare the melt fractions predicted using this parameterization with the
results of petrological phase-equilibria models (Section 2). We focus on micaceous silica-rich rocks, as an abundant rock type
in the continental crust, which produces granitic melts. Extending our approach to silica-poor rocks could be a focus for future
work.

We demonstrate the parameterization’s applicability in models of reactive porous melt flow through a vertical rock column
(Section 3). We study the character of melt flow for different rock types (metapelite, metagranite), water contents and for
different positions within the crust, i.e., different pressures (Section 4). Finally, we discuss the results in the frame of observed

characteristics of formerly partially molten rocks in the continental crust (Section 5).

2 Melting parameterization

We introduce a simple parameterization of the melting of silica-rich rocks that can be used in thermo-mechanical numeri-
cal simulations. Silica-rich rocks, containing SiO2 > 63 wt%, are typically quartzo-feldspathic with a variable proportion of
micas (muscovite, biotite) and may be of igneous, sedimentary or metamorphic origin. Following previous experimental and
thermodynamic-modelling studies (e.g., Clemens and Vielzeuf, 1987; Vielzeuf and Schmidt, 2001; Johannes and Holtz, 1996;
White and Powell, 2002; White et al., 2001; Holland and Powell, 2001; Gardien et al., 1995), we assume that the whole-rock
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Figure 1. Melting parameterization. a) Scheme of melting parameterization at a fixed pressure. Solidus is described by a curve composed
of four linear segments (A, B, C, D). Liquidus is an analytical function approximating experimental data. b) Example of the parameterized
solidus and liquidus for different pressures (coded by colors and numbers, in GPa). For the solidus curve we use the following values of
parameters that define the solidus as described in the text: wo1 = 0.5, wo2 = 1.5, woz = 2.0, wp1 = —0.5, wp2 = 0.0, wp3 = 0.4; all in wt%
H2O. wy is the intersection point between the solidus and the liquidus at high W. Dots show experimental data for liquidus that were used
for the fit of the analytical function (Makhluf et al. (2017), their Fig. 7; estimated dry solidus from Holtz et al. (2001), their Fig. 3; estimated
eutectic points from Holtz et al. (2001), their Fig. 4). The liquidus function is Wy % 1,0 = (aPgpa+b) (1 —[(Toc —¢)/(d+ CPGPa)]f) ,
with fitted parameters: a = 7.5wt% HoOGPa™'; b = 8.4wt% H20; ¢ =644°C; d =316°C; e =198°CGPa~!; f =0.41. ¢) Closer view of
the parameterized solidus. d) Solidus lines from thermodynamic computations using MAGEMin software (Riel et al., 2022) for the bulk-rock

composition of “world-median pelite” (Forshaw and Pattison, 2023).

water content is the key factor that determines the melt productivity of these rocks, but we are aware that other factors, such as
exact rock chemical compositions, also affect the melt productivity (White et al., 2011). As a first approximation, we neglect
these effects and focus solely on the role of the HoO component (the water content).

In rocks, H5O can be present in hydrous minerals and as free fluid. In the melt, H,O is dissolved. In our melting parame-
terization, we introduce the parameter W that represents the total wt% of H5O in the partially molten rock (both in solid and
melt). We assume that during partial melting, continuous reactions involving biotite and (to a minor extent) muscovite occur. In
addition, a reaction corresponding to the terminal breakdown of muscovite occurs (hereafter called “muscovite breakdown”),
which can cause a significant and abrupt increase in melt fraction.

The building blocks of the parameterization are the solidus and liquidus temperatures that depend on pressure P and water
content W (Fig. 1). The shapes of the parameterized solidus and liquidus are defined to capture the main features of the results

of thermodynamic computational models and experiments, as described below.



105

110

115

120

125

130

https://doi.org/10.5194/egusphere-2026-4958
Preprint. Discussion started: 3 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

For a fixed pressure, the solidus temperature is approximated by a combination of four linear segments (Fig. 1a): segment
A: wet solidus; segment B: continuous reaction where usually small amounts of muscovite and biotite gradually react to form
melt along a wide temperature interval; segment C: muscovite breakdown, where all remaining muscovite rapidly reacts along a
narrow temperature interval and is consumed; and segment D: continuous reaction where other hydrous minerals (e.g., biotite)
gradually react to form melt (c.f. Vielzeuf and Schmidt, 2001).

The wet solidus defines the occurrence of the first droplets of melt under water-saturated conditions. We approximate it by

a pressure-dependent function (see line A in Fig. 2; Holland et al., 2018; Holtz et al., 2001):

Tws.oc =650+ 150 (Pgp, —1)* for P < 1GPa,
Tws.oc =650 + 50 (Pgp, — 1)?  for P >1GPa, (1)

The conditions of the muscovite terminal breakdown reaction are approximated according to thermodynamic models (see
line C Fig. 2; Holland et al., 2018):

Tmu,OC =620+ 130FPgpa - 2

The wet solidus and muscovite terminal breakdown temperatures are theoretically independent of water content, and they
appear constant in Fig. 1a.

The endpoints of the linear segments of the solidus curve are defined by the values of w;, wy and w3 (Fig. 1a) that have to be
tuned according to the modeled rock type, for example by comparison with thermodynamic computations (Fig. 1¢,d). They are
related to the ability of the rock to grow hydrous minerals, which in turn depends on the chemical composition of the rock. The
value of w3 represents the total amount of HoO that may be stored in hydrous minerals in the rock. Typical values in silica-rich
(meta)igneous rocks are 0.5 — 1wt% (e.g., Bonin et al., 2020). In (meta)pelitic rocks, this value can be up to ~3 wt% (e.g.,
Forshaw and Pattison, 2023). When W is higher than w3, in unmolten rock it corresponds to the situation where free water is
present. The length of the w; to wy segment defines the potential increase of the melt fraction due to the muscovite terminal
breakdown. The value of w; approximates the amount of water stored in minerals other than muscovite. We assume that these
minerals undergo continuous melt-producing reactions. The values of w;, ws and ws in the model may depend on pressure.

For simplicity, we define them as linear functions of pressure:

Wi 2,3 =Wo:1,2,3 +wp:1,23(P/Py—1) 3)

where Py = 1GPa is the reference pressure. Parameter w p3 is positive and mimics the increasing water content bond in miner-
als with increasing pressure (Fig. 1c,d). The values of wp; and wpo determine the melt fractions in the vicinity of the muscovite
breakdown. For some applications, the pressure dependences of w; 2 3 may be neglected, as this simplification still predicts
reasonable melt productivity, see Supplementary Fig. S1.

The liquidus temperature is approximated based on experiments of haplogranite melting (Holtz et al., 2001; Makhluf et al.,
2017) (dots in Fig. 1b). These experiments show that the liquidus temperature decreases with increasing water content and
increases with pressure. To capture these variations, we fitted the experimental data with an analytical relationship. The quality

of the fit is visually assessed in Fig. 1b (see dots for experimental data and dashed lines for the analytical relationship).



135

https://doi.org/10.5194/egusphere-2026-4958
Preprint. Discussion started: 3 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here
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Figure 2. Melt fractions from parameterization and thermodynamic models for different rock types and water contents. Upper row of panels:
results calculated from the parameterization with different w1 2 3 and W. Parameters for “metapelite”: wo1 = 0.5, wo2 = 1.5, woz = 2.0,
wp1 = —0.5, wpa = 0.0, wps = 0.4; for “metagranite’”: wo1 = 0.2, wo2 = 0.6, woz = 0.8, wp1 = —0.2, wpz = 0.0, wpz = 0.4; all in
wt% H20. Blue contours show melt fraction. Black dashed lines show parameterized wet solidus (A) and muscovite breakdown reaction (C).
B and D are regions where gradual melting reactions take place. Lower row of panels: Phase-equilibria modeling results computed using
MAGEMin software (Riel et al., 2022), with the thermodynamic dataset by White et al. (2014) for metapelite, and the updated dataset by
Green et al. (2025), previously Holland et al. (2018), for metagranite. The blue contours show melt fractions. The green line is the limit of the
region where free fluid water is present. The grey fields in the background show the stability of individual mineral assemblages, separated by
boundaries where one mineral appears or disappears. Scripts that can be used to produce the upper panels and bulk rock compositions (world
median pelite, Forshaw and Pattison (2023); metagranite, Hasalova et al. (2008b)) for thermodynamic computations are in the Supplementary

Material.

In the partially molten rock, assuming chemical equilibrium between the solid and melt, the water content of the solid (V)
lies on the solidus line and the water content of the melt (W) lies on the liquidus line. In our parameterization, the solidus and
liquidus curves therefore define the water content of the solid (W) and melt (W) during partial melting at a given temperature

and pressure (see Fig. 1a). Knowing the bulk water content 1/ of the partially molten rock, we can use its definition,

W= Ws(]- - d)mass) + Wqumass P (4)
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to calculate the equilibrium melt (mass) fraction ¢,,,ss by rearranging (4) into the so-called lever rule:

W —-W;,

Dmass = m )

Results of such calculations for selected rock types (defined by w;, we, ws) and bulk water contents (values of W) are
shown in Fig. 2, upper row of panels. The values of w 2 3 that define the solidus curve are tuned according to thermodynamic
computational models (Fig. 2, lower row of panels). The comparison of the panels in the upper and lower rows shows how
our simple parametrization reproduces key characteristics of the melting in complex thermodynamically modelled chemical
systems. Here, we do not specifically compare our results to experiments, because it has already been demonstrated by the
very first thermodynamic models of “granitic” melts (Holland and Powell, 2001; White et al., 2001) that they reproduce
reasonably well all key results of experiments as listed below, including the dissolution of H-O in melt (e.g., see summary by
Johannes and Holtz (1996)). The thermodynamic models also reproduce major features of biotite and muscovite melting, with
muscovite reacting over a much shorter temperature interval compared to biotite (e.g., Gardien et al., 1995). This implies that
our results also approximate the melting of real rocks (for comparison of thermodynamic models, experiments and real rocks
see discussion by White et al. (2011)).

Fig. 2 demonstrates that the parameterization reproduces the following key characteristics of the melting of felsic rocks:
— Melt fraction increases with temperature
— Melt fraction increases with water content (compare Fig. 2a and b, Fig. 2c and d)
— Melt fraction decreases with pressure

— At medium- and high-pressure conditions, the solidus temperature depends on the water content in the rock: with pro-
gressively lower water content than that necessary for melting at the wet solidus, the solidus moves progressively to

higher temperature (the so-called HoO-undersaturated solidus).

— Prior to the muscovite breakdown, the melt fraction is low, only a few %, for a closed system (constant HoO content)

(field B in Fig. 2a)

— When crossing the muscovite breakdown, there is an abrupt increase in melt productivity that depends of the modal

volume of muscovite (line C in Fig. 2a)

— The melt productivity of “metapelitic” rock types with a higher proportion of micas is higher than that of the “meta-
granitic” rock type at similar conditions (pressure, temperature and water saturation; compare Fig. 2a and c, Fig. 2b and
d)

2.1 Limitations and validity range

The simple parameterization does not capture all characteristics of melt generation in silica-rich crustal rocks, because the

equilibrium melt fraction depends on many factors other than just pressure, temperature and water content (White et al., 2011).
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Namely, it is the whole rock composition that determines the mineral assemblage that is stable at variable pressure—temperature
(P—T) conditions. It therefore controls the specific mineral reactions that occur along a particular P-T path, especially those
involving water, and therefore melt productivity.

In the parameterization, multiple melt-producing reactions are not taken into account. Despite this omission, the model
closely matches thermodynamic modeling results across most geologically common crustal P-T conditions. A significant
discrepancy occurs at very low pressures and high temperatures (bottom-right corner of the panels in Fig. 2), where the param-
eterization predicts a higher melt fraction than the thermodynamic computations. Besides that, at high pressures (more than
~2 GPa), the reliability of the parametrized melt fractions is limited due to the deteriorating precision of the underlying ther-
modynamic models (Holland et al., 2018). In summary, the parameterization can be applied across the range of P-T conditions
relevant to crustal melting, except the extremely low—P high-T conditions, which are uncommon in regional metamorphism
and are more characteristic of localized contact metamorphism.

Note that in order to obtain a reasonable estimate of the melt productivity in a specific rock, it is crucial to choose a realistic
value of the water content (). Specifically, below the solidus, only a small fraction of free fluid phase can reside in the rock.
Therefore, W should not exceed the amount of HoO in hydrous minerals just before crossing the wet solidus, which varies
substantially with pressure. The examples in Fig. 2a,c therefore show reasonable melt fractions for a rock that crossed the
solidus at P>~1 GPa (i.e., above the domain bounded by the green contour that limits free fluid water presence). Likewise, in
Fig. 2b,d, the calculated melt fractions are reasonable for a rock that crossed the solidus at P>~0.4 GPa.

The parameterization can be tuned for different whole-rock compositions and each pair of solidus and liquidus curves can
then be used to calculate melt productivity. We demonstrate such an approach on two rock types — metapelite and metagranite
— where we tuned values of w; 2 3 defining the solidus curve. Metasedimentary rocks are dominant in subduction wedges of
accretionary and collisional orogens. Metasedimentary rocks and metagranitoids are the main lithologies in the upper—-middle
part of the orogenic crust, which may be thickened to several tens of km. The proposed parametrization may be useful in
models of melt generation and transport in these settings.

We note that reactive melt flow leads to changes in chemical composition (not just changes in the water content), which
would correspond to the shift in w2 3. The applicability of the parametrization in models with reactive melt flow is therefore
limited by the chemical differences between the melt and the solid and by the amount of melt loss. Melt loss, melt transport and
melt addition induce chemical changes particularly in the concentrations of the dominant melt-forming oxides. In metapelites,
metagreywackes and granites, the melt loss results in a notable depletion of SiOs, Na2O and K5O (e.g., Stepanov et al., 2025).
For the melt loss of up to ~20-30%, the resulting changes are relatively minor (Stepanov et al., 2025) allowing the contents
of oxides critical for melt production to remain sufficiently high for continued melting. In other rock types, such as those with

low SiO9 contents, melt loss may decrease or inhibit further melt production; such rocks are not considered here.
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3 Melt flow through a crustal column

To document the applicability of the presented parameterization, we implement it into a simple numerical model of porous melt
flow. The model is one-dimensional (1D) and represents gravity-driven porous melt flow through a vertical column of rock in
hot viscously-deforming silica-rich continental crust. The melt flow is reactive: the water content affects the melt productivity
and, because the water content in the melt is higher than in the solid, and because the melt moves through the solid, there is a
feedback between the melt motion and melt productivity. We investigate this feedback for a range of P-T conditions where the
proposed parametrization is applicable, namely at pressures between 0.5 GPa and 2 GPa, and temperatures typically resulting

to low to moderate melt fractions (<0.3).
3.1 Model design

The model is implemented using the open-source finite-element software ASPECT (Kronbichler et al., 2012; Heister et al.,
2017; Dannberg and Heister, 2016; Dannberg et al., 2019; Bangerth et al., 2024a). Details of the numerical implementation
of the porous melt flow were described by Dannberg and Heister (2016) and in the ASPECT manual (Bangerth et al., 2024b).
Details of the solved equations, numerical implementation of melting and values of model parameters are given in the Ap-
pendix A; here we provide only a brief overview.

The porous melt flow is modelled using the two-phase flow formalism (McKenzie, 1984). It assumes that the material
consists of a solid matrix that can support stress and an interconnected network of pores filled with melt. In real partially
molten rocks, the solid matrix is made of mineral grains and the melt flows through microscopic pores along grain boundaries.
The assumption of the solid matrix limits the applicability of this apprach, because above a certain melt-fraction threshold
(~25-50%), the granular matrix in rocks disintegrates and individual grains or clusters float in the melt, forming magma, thus
having a different rheological behavior (e.g., Renner et al., 2000).

There are only two phases in the model — the solid and the melt — which implies that the melt entirely fills the pores in the
matrix. Therefore, the volumetric melt fraction of the melt, ¢, is the same as the porosity of the solid matrix. We note that for
some conditions (typically at low P and high WW; see Fig. 2), free fluid water may be present within the rock below the solidus.
In our model, the mechanical or thermal effects of fluid water are not accounted for, and its motion through the solid is not
simulated; it is assumed to be confined in the solid.

We assume thermal and chemical equilibrium between melt and solid at the spatial scale of the model resolution and time
scale of the model time steps. That implies the same temperature in both of them and practically instantaneous (compared to
the model time steps) adjustment of W and Wy to the values on the solidus and liquidus curves (Fig. 1a).

The two-phase flow formalism uses a macro-scale description of the porous flow where the properties of the pores — their

sizes and shapes — are represented by the rock permeability, kg. The flow of the melt is then described by the Darcy law:

kg
Upel = Uf —Ug = Prg — Vp 5 (6)
1 =uy 77fqb( f f)

where . i the relative velocity of the melt (u ) with respect to the solid (us), 0y is the melt viscosity, py is the melt density,

g is the gravity, py is the pressure in the melt and V denotes the gradient. The Darcy law states that the porous melt flow (melt
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percolation) through the solid is driven by pressure gradients in the melt and that its velocity increases with the permeability
of the solid matrix and decreases with the viscosity of the melt. Alternatively, the Darcy law can be rewritten as:

ke .
rel — — Ps -V 5 7
Urel nf(b[(ﬂf ps)g — Vp'] (7)

where the first term on the right-hand side expresses melt buoyancy due to the difference between the melt density (py) and
solid density (p,). The excess melt pressure p* = pr — piicn, Where piig, s the lithostatic pressure, is related to compaction and
dilation of the porous rock matrix and to other non-lithostatic effects (Spiegelman et al., 2007).

In addition to the melt flow, we solve for deformation of the solid (the mass balance and conservation of momentum). In a
1D model, the deformation of the solid is highly restricted. Still, it plays a role because it is coupled with melt flow and melting
due to mass conservation. The deformation of the solid in 1D therefore results from compaction and dilation of the solid due
to melt percolation and due to volumetric changes associated with melting and solidification (right-hand side of Eq. (A3) in
Appendix A).

The internal energy balance (heat equation) is solved, including the heat diffusion and advection and the latent heat of
melting. We also track the water content in solid and melt as they are advected by their respective velocities and affected by
melting and solidification. During the time evolution of the model, we have the variables ¢, W, and W from the previous time
step as they are advected by the melt and solid. These "old" W and W, are typically out of equilibrium, they do not lie on
the solidus and liquidus, because P-T conditions change between model time steps and because the melt can move through the
solid. The “old” values of ¢, W, and W define the bulk water content W of the partially molten rock (Eq. (4)). We therefore
know the bulk water content W, and we adjust ¢, W and W} to their "ideal" values that lie on the solidus and liquidus curves,

while keeping W fixed. This step represents melting or solidification. This procedure is described in detail in Appendix A3.
3.2 Model domain, initial and boundary conditions

The model domain is 10 km deep, vertically divided into 200 elements, quadratic in u,, ug, W,, Wy and temperature and
linear in pressure. The model is pseudo-1D: it is a one-element-wide stripe with thermally insulated impermeable free-slip side
boundaries. Zero velocity is prescribed at the bottom boundary. The top boundary is open to balance volumetric changes due
to melting/solidification. The vertical position of the column within the crust is mimicked by the pressure prescribed at the top
boundary of the model, Pyop.

The initial temperature is uniform in each model case. During the time evolution, the temperature at the top boundary, T},
is fixed to the initial temperature. At the bottom boundary, a time-constant temperature, 71,04, is prescribed. It is higher than the
initial temperature, which means that the early thermal state of the models is out of equilibrium — the temperature at the bottom
boundary is significantly higher than just above the boundary. Due to the resulting high thermal gradient in the lowermost part
of the domain and due to the relatively small spatial extent of model, the thermal equilibration is very fast and a nearly linear
temperature profile develops in ~1 Myr of evolution in all studied cases.

The initial melt fraction is zero, which implies, according to Eq. (4), W (¢t =0) = W, (¢ = 0). In most models, the initial

water content is prescribed to a constant value, Wy, except for the lowermost 1-km-thick layer where W = 0, representing a
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dry rock. This dry layer is added artificially to ensure that no melt is generated at the bottom boundary. In selected models, we
additionally prescribe an anomalous 2-km-thick middle layer with a different initial water content (increased or decreased to
the value Wy anom)- The transitions between the layers are smoothed using the logistic function. During the time evolution, the
water content at the bottom boundary is fixed to zero. In all model cases, the temperature is below the solidus at the top and

bottom boundaries.
3.3 Material properties

To fully determine the evolution of the model, we have to specify material properties, namely the parameters in the melting
law, the densities of the solid and melt, the shear and bulk viscosities of the solid, the viscosity of the melt, the permeability and
thermal parameters. We adopt a simple definition of most parameters and focus only on the properties affected by our melting
parametrization, namely the melt productivity and melt viscosity, which depend on the water content (see below). The values
of the material parameters are listed in Table A1 in Appendix A.

The details of the melting parameterization are described in Section 2. For numerical reasons, we prescribe a slight depen-
dence of the wet solidus and muscovite breakdown on W': Tyojidus (w1) = Tsolidus (w2) +5 and Tsolidus (w3) = Tsolidus (wa) +5,
in Kelvin.

The densities and thermal parameters are assumed to be constant and their values correspond to typical values for felsic
crustal rocks. Namely, the density of the solid is 2800kgm ™3, the density of the melt is 2400kgm ™2 and the thermal conduc-
tivity is 3Wm~*K~!. The density changes due to the presence of water and potential other chemical variations are neglected.
Based on thermodynamic computations (Supplementary Material, Fig. S2), we expect that the density-dependent parameter
that governs the rate of the melt percolation, ps — py in Eq. (6), may vary by a factor of 2 in real rocks.

To define the rheology of the partially molten rock, we use a simple temperature- and porosity-dependent flow law:
= - (—ag) ®)
s =noexp | 7 | exp(—a

where 79 = 10'2Pas, A = 150kJmol ! and o =20 are parameters and R is the gas constant (Fig. S3 in Supplementary Ma-
terial). The resulting viscosity varies between 10%! Pas and 10*° Pas in unmolten rock at 7' = 600 — 900 °C, which is a value
range commonly expected for deforming silica-rich middle-lower crustal rocks at these temperatures (e.g., Jamieson et al.,
2011). Porosity has a major effect on the viscosity as the pores weaken the solid matrix. The exponential dependence on
porosity in Eq. (8) is based on experimental data and theoretical considerations (see Keller et al., 2013; Katz et al., 2022, for a
discussion). The value of o = 20 is a modest estimate of this parameter and implies a viscosity drop by one order of magnitude
due to a porosity increase of ~10%. For high melt fractions, more complicated parametrizations were proposed (e.g., Costa
et al., 2009) which, however, predict very low viscosities that would inevitably lead to numerical issues in the present models.
Instead, we impose a lower constant cutoff value on viscosity (10'®Pas). The use of constant shear viscosity for high melt
fractions is a common approach in numerical models of porous melt flow (e.g., Keller et al., 2013; Schmeling et al., 2019;

Booth et al., 2024). We neglect other factors that may change rock rheology, such as brittle faulting or changes in viscosity due
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to compositional variations. The use of simplified 7 is particularly valid for the 1D model, where solid motion is restricted to
one direction and the influence of the solid viscosity on the model evolution is minor.

The bulk viscosity of the porous solid rock is defined relative to the shear viscosity:

no = 1s(B1+ B2/ @) ©)

The 1/¢ singularity of the /7 ratio for ¢ = 0 is based on theoretical models (e.g., Simpson et al., 2010; Schmeling et al.,
2012). The constants 5; = 2 and Sy = 0.3 (Maierova et al., 2023) are defined so that for a low porosity, the functional de-
pendence is similar to the model by Schmeling et al. (2012), and for ¢ — 1, the ratio 7, /7 is ~ 2 (Rudge, 2018). For high
porosity, the minimum cutoff value of the shear viscosity implies a nearly constant bulk viscosity (Fig. S3 in Supplementary
Material). Booth et al. (2024) demonstrated that this choice approximates well the impeding effect of small-scale convection
on crystal settling in magma, thus capturing the basic characteristics of the solid and melt separation. The proposed modelling
approach is therefore, to the first order, applicable to high-porosity "magmatic" regions.

The melt viscosity is, together with the rock permeability, the key property that determines the efficiency of melt flow through
the rock (see the Darcy law, Eq. (6)). According to experiments, 7y decreases with temperature and water content (e.g., Schulze
et al., 1996; Holtz et al., 2001; Whittington et al., 2004). In our model, the water content of the melt Wy is computed during
the model run. We can therefore directly use an experimentally determined functional dependence for 7y (Schulze et al., 1996)

(Fig. 3):

Ny = 10—2.5726+(23.4—13.2W}).n)% .

We note that the uncertainty in the melt viscosity is important as values computed according to experimentally derived relation-
ships can span one order of magnitude (e.g., Schulze et al., 1996; Hess and Dingwell, 1996). Variations of the melt chemical
composition (apart from water) induce viscosity variations of a similar order, if we consider felsic to intermediate melt types
(Giordano et al., 2008). The silica content is the most important factor that increases the melt viscosity and may counteract the
effect of water. According to the experimentally derived relationships, the effect of water is still dominant, and incorporation
of the effect of silica would bring a second-order correction (e.g., Giordano et al., 2008, their Fig. 9).

The permeability depends on the porosity, spacing of the pores and their geometry. We use the definition of permeability

proposed by Keller et al. (2013):
ko = koD?¢ (1 —¢)?, (11)

where D is the spacing of the pores. If we assume that melt is distributed along grain boundaries, D corresponds to the grain
size. The value of the permeability prefactor ky is relatively weakly constrained, ranging between 102 and 10~!, where the
lower values are based on theoretical studies and the higher values on experiments and observations (review by Katz et al.,
2022). Here we prescribed the intermediate value, kg = 1072, and D = 1mm.

Among all the material parameters, it is the permeability that, in our view, is the source of the largest uncertainty in the model.

It is the key parameter for porous melt flow and, at the same time, its description by Eq. (11) is a major simplification of the real
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0
650 700 750 800 850 900
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Figure 3. Viscosity of melt as an input parameter for the models. Black lines are contours of the melt viscosity (ry) depending on the
temperature and H>O content (W) according to the experimentally derived relationship (10) by Schulze et al. (1996). Blue lines show the
H2O contents in melt at pressures 0.5, 1 and 1.5 GPa, as they depend on temperature, according to the liquidus function that relates W with
T and P (see Fig. 1b). The blue lines show that more H2O is dissolved in the melt at higher pressures, causing a lower viscosity at a given
temperature. For example, at 800°C and 0.5GPa (point A), there is 4 wt% H2O in melt and 7y ~ 10° Pas, while at the same temperature

at 1GPa (point B), there is ~6.1 wt% H2O in melt and n; ~ 103 Pas, and at 1.5GPa (point C), there is ~8.4 wt% H20 in melt and
ns ~ 10> Pas.

330 situation. In real rocks, permeability can vary in space and time, being determined by the width, connectivity and orientation
of the pores. Due to rock heterogeneity, channeling of pores and variations in grain size, we expect that the permeability can

vary by at least one order of magnitude for a given porosity.

4 Results

We perform a parametric study, where we focus on the effects of the realistic pressure- temperature- water-dependent melt
335 productivity and variable melt viscosity. We vary the initial water content (Wy, Wo anom), rock type (“metapelite” and “meta-
granite”, see Fig. 2), and pressure and temperature conditions (Pyop, Ttop and Ti,o¢). For each presented model case, we show
the results with melt percolation according to the two-phase flow equations, as well as the results where the melt is immobile
in the solid (kg = 0, uy = u,) and the water content W is, therefore, constant in time. For a selected reference case, we de-
scribe the time evolution of all important model variables and material properties (Fig. 4). In other cases (Figs 5-6), we focus

340 on the melt distribution and water-content variations only (figures showing other variables and material properties are in the
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Supplementary Material). To highlight the approximate character of the melting parameterization, in the text and figures that
describe the numerical models, we omit the unit “wt% H>O” of the variables W, W, and W, and treat them as dimensionless

quantities.

—
km

<«—— depth
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T (°C) ¢ W Ws Ws lognf(Pas) logkgp(m?) U(mmyr?)

Figure 4. Reference model. Model parameters are: P;op = 1 GPa (resulting in pressure at the bottom boundary ~1.3 GPa), Tiop, = 650°C
(that equals water-saturated solidus at 1 GPa), Ti,or = 790 °C. Parameters in the melting law are the same as in Fig. 2 for “metapelite”;
Wy = 2. Individual panels show variations of model properties (temperature 7', melt fraction ¢, bulk water content W, solid water content
W, melt water content W, melt viscosity 7y, permeability k¢ and relative velocity between the melt and the solid u,e1) with depth at three
different time steps. Purple, green and blue lines show the results at 1, 5 and 10 Myr of model evolution. Solid, dashed and dotted black lines
show the results for ¢ and W at 1, 5 and 10 Myr if melt percolation through the solid is switched off (for T', W, Wy and 7y, the result is

visually the same as with melt percolation; k4 and u.e are zero by definition). Note that W is constant in this case.

4.1 Reference model case

First, we show a reference case with parameters Ti,, = 650°C, T},ot = 790°C, Pio, = 1GPa, Wy = 2 and “metapelite” rock
type (Fig. 4).

In the model, the temperature (7" in Fig. 4) quickly departs from the initial 650 °C due to the hot bottom boundary condition
(Thot = 800°C). Already at ¢ = 1 Myr, a nearly linear temperature profile is established. Similar formation of a linear temper-
ature profile over the first 1 to 2 Myr is observed in all modeled cases. In regions where 7" exceeds the solidus, melting occurs
and melt percolates according to the Darcy law. During melting, local W, and W follow the solidus and liquidus curves. As
the melt moves, it transports water through the solid. As a result, the local bulk water content evolves over time (W in Fig. 4).
Note that W, and W; do not change significantly during the simulation — it is the change in the proportion between the melt
and the solid that causes changes in W (Eq. (4)).

Initially, the melt fraction (¢ in Fig. 4) is the highest in the lowermost (warmest) part. With time, the melt flow towards

shallow levels induces changes in local water content. W in shallow levels increases, inducing higher melt productivity there,
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while the opposite process takes place in deep levels. The high melt fraction is localized in distinct peaks that travel upward

L in this model.

through the domain, forming so-called porosity waves. The travel speed of the porosity waves is ~ 1kmMyr~

Figure 4 further shows properties that affect the melt flow efficiency — Wy, ny and k; — and the resulting velocity of
melt through the solid, u.c1. The melt water content W follows the liquidus curve and therefore increases with pressure and
decreases with temperature (Fig. 1a,b). The decrease of W with increasing depth (W in Fig. 4) demonstrates the dominance
of temperature on the melt water content in the prescribed steep temperature gradient. The melt viscosity (7 in Fig. 4) explicitly
depends on the temperature and W (Eq. (10)). The temperature dependences of 1y and W, effectively cancel out, leading to
a nearly constant 7y ~ 10* Pas.

The permeability (k4 in Fig. 4) varies due to the varying porosity. For relatively low ¢, it is approximately proportional to
¢ (Eq. (11)). The melt flow is therefore more efficient in regions with a high melt fraction. The velocity of melt percolation
(uye in Fig. 4) depends on the ratio between k,, and 175 (Eq. (6)). In this model, it is typically around 0.5 — I mmyr—?, with the
highest values correlating with regions with a high melt fraction.

Figure 4 also depicts results of a model where melt percolation through the solid is switched off, having otherwise the same
parameters as the reference case (solid and dashed black lines in Fig. 4 for ¢ and W'). Without melt percolation, W is constant
in time, because both melt and solid are practically immobile in the 1D model. The resulting melt distribution then corresponds
to the melt productivity for W = W}, and varies with time only due to the conductively increasing temperature (black lines
showing ¢ in Fig. 4). The melt fraction differs substantially from the case with melt percolation. With melt percolation, melt
gathers in the shallow part of the partially molten domain, while without melt percolation the melt fraction shows a maximum
near the bottom of the domain and decreases near-linearly upwards.

On the other hand, the melt percolation has only a minor effect on T', W and 7. The effect on 1" is only through the heat
advection and latent heat. The percolative melt motion is slow and both advection and the latent heat are proportional to the
melt fraction, which is relatively low. Therefore, conduction, which is independent of melt flow, dominates the temperature
evolution. As a result, material properties that depend mainly on 7" (i.e., ny and W), are practically unaffected by the melt

flow in this model; we omit them in Fig. 4 and show them only in the Supplementary Figures S4-S12.
4.2 Effect of melt productivity

We investigate in detail the effect of melt productivity as it depends on the rock type, initial water content and P-T condi-
tions. We define five model cases (Fig. 5a-e): a) model where, due to slightly higher temperature compared to the reference
case, muscovite breakdown occurs within the model domain; b) model with lower initial water content (I¥j); ¢) model with
“metagranite” rock type; and models similar to the reference model, but with an anomalous layer having an d) increased or e)
decreased initial water content (Wo anom)-

The parameters in the first model, Fig. 5a, are: Pyo, = 1GPa, Ti,, = 650°C and Ti,o; = 810°C and “metapelite” rock type,
meaning that the only difference from the reference model is 7}, increased by 20°C. For these conditions, the muscovite
breakdown takes place in the lower part of the model domain at P ~ 1.2 — 1.3 GPa. In models without melt percolation (black

curves), the computed melt fraction directly corresponds to the melt productivity in Fig. 2a, showing a marked increase due
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to the muscovite breakdown. If melt percolation is accounted for, the melt produced at depth moves upward, forming waves
of increased melt fraction in shallower levels in a similar manner as in the reference case. The final distribution of W is,
however, different from the reference model: the increased melt productivity due to muscovite breakdown in the lower part of
the domain and the subsequent melt loss cause a decrease of W there. Eventually, a step in W develops at the depth of the
muscovite breakdown.

The model in Fig. 5b has the same parameters as the one in Fig. 5a, except for the lower initial water content, Wy = 1. In this
case, while melt is produced in the lower part of the domain, the melt productivity is zero in the upper part, at conditions where
muscovite is stable. The melt produced at depth cannot percolate efficiently into the unmolten material above and accumulates
on top of the melt-productive region, causing local changes in W.

The model in Fig. 5c has the same P-T conditions as that in Fig. 5a,b but with “metagranite” rock type and Wy = 0.8. In this
case, the region with the increased melt productivity is overlain by a region with a relatively small, but non-zero melt fraction
(<5%). This is sufficient for melt percolation, formation of porosity waves and related variations in W similar as in the cases
in Fig. 5a and Fig. 4. Due to somewhat lower melt productivity, the amplitudes and travel velocities of the porosity waves are
lower compared to the case in Fig. 5a. We can also compare Figures 5b and Sc, where the values of W are similar, but the rock
type differs. The comparison shows that there is more melt produced in the “metagranite” than in the “metapelite” for a similar
value of Wy due to their different solidus curves.

The models in Figures 5d and 5e show the effect of spatially variable initial water content. The model in Fig. 5d is the
same as the reference case, but it includes a layer having increased initial water content, Wy anom = 2.3, which produces a
higher melt fraction than its surroundings. The melt quickly percolates upward, forming a porosity wave. After 5-10 Myr, this
initially anomalous layer completely disappears; the final distribution of W has a similar character as in the reference model.
Fig. Se shows the opposite case with a layer having a decreased initial water content, Wy anom = 1.7. The reduction of W has
more persistent effects: even if there is a lot of melt produced below this “drier” layer, it cannot efficiently penetrate it. Instead,
it accumulates just beneath it. In summary, while water-enriched anomalies move and change shapes easily, water-depleted

anomalies are more stable and may represent obstacles for the melt flow.
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Figure 5. Effect of melt productivity. Model a) is the same as the reference model in Fig. 3 (“metapelite” rock type, Wy = 2) except for a
slightly warmer geotherm, which causes crossing of the muscovite breakdown within the model domain. Model b) is further modified by
a decreased initial water content, Wy = 1 implying zero melt productivity prior to muscovite breakdown. Model c) has “metagranite” rock
type and Wy = 0.8. Pressure-temperature conditions in cases a)-c) are the same: Tiop = 650°C, Thor = 810°C, Piop = 1 GPa. Parameters
in the melting law for “metapelite” and “metagranite” are the same as in Fig. 2. Pressure-temperature conditions in cases d) and e) are the
same as in the reference model: Tiop = 650°C, Thot = 790°C, Piop = 1 GPa, “metapelite” rock type and Wy=2, except for an added layer
having d) increased initial W, = 2.3 and e) decreased initial Wy = 1.7. Upper panels show variations of melt fraction ¢, lower panels show
variations of V. Purple, green and blue lines show the results at 1, 5 and 10 Myr of model evolution. Solid, dashed and dotted black lines

show the results at 1, 5 and 10 Myr if melt percolation through the solid is switched off.
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4.3 Effect of pressure

We investigate the effect of pressure on the efficiency of melt percolation and related changes in water content. The pressure
affects the melt flow indirectly through the melt viscosity 7;. The melt viscosity depends explicitly on temperature and water
content in the melt (Eq. (10)), which in turn depends on pressure and temperature as it follows the liquidus curve (Fig. 1a,b).
While the temperature dependences of 1y and Wy effectively cancel out (see also nearly constant 7y in Fig. 4), the pressure
dependence of W remains important. This is because the higher the pressure, the higher is the H,O content of the melt. As a
result, the melt viscosity decreases with pressure, which enhances melt percolation through the solid.

To demonstrate the importance of the pressure dependence of 77y, we compare three model cases that represent the same rock
type and water content, but have different P-T conditions (Fig. 5). The pressure P, is 0.5, 1 and 1.5 GPa in the three cases,
respectively. In each case, the temperatures Ti,, and Ti,0¢ Were selected so as to obtain a similar amount of melt produced in
the modeled column (compare similar predicted melt fractions without melt percolation, black lines in Fig. Sabc, top row of
panels). While the amount of melt is similar in these three cases, the ability of melt to percolate differs significantly.

Figure 6a shows the case with P,,, = 0.5GPa and temperature 650-720°C. For these conditions, 7y is ~ 10*° Pas, the
melt flow is sluggish with percolation velocity of ~ 0.3mmyr~—!, the melt fraction evolves only slightly with time and water
content is practically constant. In contrast, for P;op, = 1GPa, T=650-790°C (Fig. 6b), ny is ~ 104 Pas, the melt efficiently
leaves the deep levels of the domain and gathers at shallow levels, which induces important variations in W. This trend is
further enhanced for P;,, = 1.5GPa, T=700-850°C (Fig. 6¢) with the resulting 75 ~ 10° Pas. In this case, it is not only the
high pressure, but also the high temperature that contributes to the decrease of 77¢. The maximum melt percolation velocity
is ~ 1.5mmyr—!, that is five times higher than in the case with P, = 0.5GPa. The distance that the melt travels during the
10 Myrs of the model evolution is then limited mainly by the extent of the partially molten region, i.e., by the position of the

solidus.
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Figure 6. Effect of pressure. Results for three cases that differ in P-T conditions (Pop, Ttop and Thot values noted in the figure). Parameters
in the melting law are those of “metapelite” (Fig. 2); Wy = 2. Values of Tiop and Tt are selected to produce similar melt amounts in
the three contrasting pressure conditions, as indicated by the solid black lines in the upper panels a) to c¢). Upper panels show variations of
melt fraction ¢, lower panels show variations of W. Purple, green and blue lines show the results at 1, 5 and 10 Myr of model evolution.
Solid, dashed and dotted black lines show the results at 1, 5 and 10 Myr if melt percolation through the solid is switched off. Beneath the
panels, typical values of water content in melt (1¥f), melt viscosity (r¢) and maximum relative velocity between the melt and the solid (uyre1)

computed in the partially molten region are noted.
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5 Discussion

In Section 2, we defined a parameterization of melting in silica-rich rocks; limitations of this parametrization were summarized
in Section 2.1. In Sections 3 and 4, we defined and described models of porous melt flow through continental crust that use
this parametrization. Due to their simplicity, these models represent only the first step in this direction. Their most important
limitations are the one-dimensional character and simplifications of material properties, namely rock density, rheology, perme-
ability and melt viscosity, as summarized in Section 3.3. In the following sections, we introduce the problematics of the porous
melt flow record in rocks and then compare the predictions of our models with observations of silica-rich rocks. Respecting

the approximate character of the models, we focus on qualitative relationships and trends, and not on quantitative predictions.
5.1 Natural record of porous melt flow in the crust

It is widely accepted that in partially molten rocks, melt moves through the solid. In migmatites (formerly partially molten
rocks), traces of melt transport are common (e.g., Brown et al., 2011; Weinberg et al., 2021), documenting that the melt
transport occurs via various mechanisms. Two main situations are classically distinguished depending mainly on the ratio of
crystals and melt: when rock has a rigid skeleton of crystals ("mush"), and when crystals are floating in melt (suspension,
magma) (see review by Weinberg et al. (2021)). Our models are designed to mimic the cases where porous melt flow through
the rigid skeleton of crystals was dominant, as opposed to the transport of magma through macroscopic conduits.

Visually, typical migmatites show bands with two contrasting parts: light-coloured leucosome and dark-coloured melanosome,
interpreted as the result of melt segregation producing locally higher vs. lower melt fractions. The formation of leucosomes
is related to increased melt fraction, but their exact origin remains the subject of ongoing discussion. In some studies, leuco-
some is used as a synonym for crystallized melt (e.g., Sawyer, 2001). Other interpretations assume that it contains crystallized
melt plus residuum after melting (solid products of melting reactions) and cumulate (minerals that crystallized during melt
migration) (e.g., Taylor et al., 2014). This would imply that the melt in the leucosome resided in pores in a solid crystal skele-
ton and moved through the pores, making two-phase flow models applicable. Indeed, the impact of porous melt flow through
leucosomes was discussed in several cases (e.g., Weinberg et al., 2021; Brown et al., 2011; Slagstad et al., 2005).

A more favorable situation for the identification of porous flow is in migmatitic granites, where previous solid-state defor-
mation produced monomineralic bands of K-feldspar, quartz and plagioclase. The crystallization of foreign mineral phases
along grain boundaries within these formerly monomineralic bands is taken as evidence for passing melt (e.g., Hasalov4 et al.,
2008b). This process homogenizes the mineral distribution without producing apparent leucosomes. Porous melt flow was
identified in such granitic migmatites from thickened continental crust in the Bohemian Massif and Vosges in the European
Variscides (e.g., Hasalova et al., 2008b, a; Schulmann et al., 2008; Chopin et al., 2012; Hasalova et al., 2015; gtfpské et al.,
2019; Aguilar et al., 2020; Zavada et al., 2021, 2018). Porous melt flow without formation of distinct leucosomes was also
described in intermediate-mafic rocks of arc lower crust, in Fiordland, New Zealand (e.g., Stuart et al., 2016; Chatterjee et al.,
2024) and in Central Qilian Belt, NE Tibet (Sun et al., 2025).
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Identifying and quantifying melt in silica-rich rocks remains challenging because its crystallization products—quartz, K-
feldspar, and plagioclase—are mineralogically identical to the phases already present in the rock or produced during melting
and melt migration. The resulting scarcity of quantitative geological data on porous melt flow ultimately limits comparison

with numerical models.
5.2 Spatial and time scales

One of the key parameters that determines the importance of porous melt flow is the duration and spatial extent of supra-solidus
conditions. Our models predict that at a time scale of 10 Myr, melt percolation and related changes in the water content can
affect a ~10 km thick crustal layer. Given the uncertainties in permeability (and melt viscosity), the modelled melt velocity
and therefore the length scale of the affected domain may vary substantially, as predicted by the Darcy law (Eq. (6)) (e.g.,
McKenzie, 1984). The impact of permeability on the efficiency of the porous flow was thoroughly investigated in previous
numerical studies (Jackson et al., 2003; Schmeling et al., 2019; Maierova et al., 2023). Regardless of the exact values of
the parameters, both the theoretical considerations and numerical models predict that melt flow through pores along grain
boundaries is a slow process. The duration of the supra-solidus conditions is, therefore, an important factor that can extend (or
restrict) the region affected by melt percolation. Effects at outcrop scale (meters) can occur relatively quickly (thousands of
years may be sufficient), but water-content changes at the scale of kilometers, as modelled here, may require ten(s) of millions
of years. Thus, porous melt flow is expected to be important in tectonic settings where the high-temperature conditions last
for extended periods. This is the case of the thickened crust in the European Variscan orogen (Stipska et al., 2016) and in the
Grenville orogen (Slagstad et al., 2004), where porous melt flow was identified (see references above). In the Variscides, the
duration of partial melting was estimated to ~15 Myr; in the Grenville orogen, the melting lasted several tens of million years
(e.g., Slagstad et al., 2005; Corrie and Kohn, 2008).

More generally, there is growing evidence for vertically extensive (up to tens of kilometers) partially molten zones in the
continental crust (e.g., Brown et al., 2011; Wei et al., 2001). A long duration (up to tens of millions of years) of such zones has
been inferred based on geochronology (Korhonen et al., 2013; Cavalcante et al., 2018; Zavada et al., 2021). Previous modelling
studies have shown that the SiOs-dominated reactive flow can redistribute melt and chemical components within these zones
at the vertical scale of kilometers in a few million years (e.g., Jackson et al., 2018). Our models suggest similar spatial and
temporal scales for the HoO-dominated reactive melt flow; again, we emphasize the large uncertainty of the permeability value

that affects these results.
5.3 Melt flow, water content and their feedback

In models with a uniform water content, without melt flow, the melt fraction increases downward due to the temperature
gradient (e.g., Fig. 4, black line). Slow (~mmyr—!) melt flow through the solid is enough to entirely invert the situation. A low
(but non-zero) melt fraction is then maintained in the deeper levels of the modelled rock column, and a higher melt fraction is
found at shallower levels, mainly in the uppermost part of the partially molten region. Despite the 1D character of the model,

the melt distribution is not simple. As the physical theory and models predict, the melt focuses and travels in waves (e.g.,
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Spiegelman, 1993). These waves result from the positive feedback between the porosity and the speed of melt flow (see Eq. (6)
and (11)); regions with increased porosity tend to drain even more melt from their surroundings, leading to a macroscopic
wave-train pattern.

The development of porosity waves and high-porosity layers on top of relatively low-porosity (<~10% melt) regions is a
typical result in numerical models of the reactive melt flow. The high-porosity regions develop easily especially in 1D models
with impermeable bottom boundaries (e.g., Jackson et al., 2018; Solano et al., 2014), in contrast to 2D models where the
advection of the partially molten material towards the cold upper boundary can result in more efficient cooling and lower melt
fractions (e.g., Schmeling et al., 2019; Maierova et al., 2023). In our models, the melt tendency to accumulate in narrow zones
may lead to insufficient spatial resolution (see Supplementary Material, Fig. S12).

In the rock record, the situation where melt produced at a greater depth (and higher temperature) moved via pervasive porous
melt flow into a shallower level was described in the lower crust of the Variscan Bohemian Massif by Stipsk4 et al. (2019).
Based on petrography and thermodynamic modelling, these authors demonstrated that the melt inflow caused increased H,O
content in the rock thus increasing its equilibrium melt content. This feedback is somewhat obscured in the rocks: the current
content of hydrous minerals does not correspond to the HyO content during melting, because a part of HoO was released as

fluid water during solidification.
5.4 Effects of rock type, water content and its heterogeneity

With our parameterization, we approximate the difference between metagranitoids and metapelitic rocks by their typical water
content bound in hydrous minerals (that define parameters w; 2 3). The most significant difference between the two rock types
is the lower melt fraction produced by metagranite compared to metapelite, caused by the lower mica content in metagranitic
rocks (Fig. 2). Despite this difference, the overall melt distribution in the models is quite similar, except for the domains
with maximum melt fraction, which in the “metapelite” easily surpasses 20% (compare Fig. 5a and 5c). With increasing
temperature, this trend would continue; in reality, the high melt productivity of metapelites may easily cause the formation of
magmatic pockets or larger bodies.

The models predict that detailed features of melt productivity, like its abrupt increase due to the muscovite breakdown, can
have a profound impact on the water content. High melt productivity at depth (due to the crossing of the muscovite breakdown
reaction) can cause a release of substantial melt volume which then percolates upward. This melt loss results in an important
change in the water content in the source, creating a step in W at the depth of the muscovite breakdown (Fig. 5a). In other
words, models predict a decrease of water content in originally fertile levels where the muscovite breakdown occurs. This can
be compared, for example, with nearly dry mineralogy with garnet and kyanite in metagranites after melt loss (Lexa et al.,
2011). Comparison of such compositional steps in neighboring muscovite-present and muscovite-free rocks may be a testing
case for verification of our model predictions.

To assess the role of the heterogeneous water content of the rock, we modelled a case with a layer having an increased
water content and therefore a higher melt productivity compared to the background (Fig. 5d). The model predicts that the

initial anomalous water content is rapidly lowered due to the melt loss and efficiently homogenized with the background. In
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natural rocks, while the amount of water in the source rock may be homogenized, other chemical components may become
more heterogeneous due to the melt loss. In some cases, such compositional heterogeneities allow estimation of the melt loss,
as explored by Stepanov et al. (2025).

The heterogeneity in the water content also affects the efficiency of melt flow. A zone with a low water content inhibits melt
migration (Fig. Se) because of the low melt fraction and therefore low permeability. In the 1D models, such a low-permeability
obstacle cannot be surpassed and the melt remains trapped beneath it. Presumably, this could change in a 2D/3D situation,
where melt can find a way around such obstacles and develop channels, possibly increasing the effective permeability of the
system (c.f. Katz and Weatherley, 2012). Specifically, the typical banded structure of migmatites may facilitate or impede the
melt flow, depending on the dominant inclination of the bands with respect to the pressure gradient that drives the flow (i.e.,
generally gravity). The interplay between the banded structure of rocks, their deformation and permeability shall be a subject

for future research.
5.5 Effect of pressure

Experiments and thermodynamic models show that water content in melt increases with pressure, causing a decrease in melt
viscosity (see Fig. 3), implying that the melt migrates more readily at higher pressures. Our models account for these effects
on the melt viscosity and show that the porous melt flow may be significant in deep crustal levels. At pressures above ~1 GPa,
the melt flow may be efficient already at ~5-10% melt fraction (Fig. 6b,c). At shallower crustal levels, the melt viscosity is
higher and melt flow efficiency drops substantially (Fig. 6a). To our knowledge, while the pressure dependence of the water
content in melt is well documented and its impact on the melt viscosity has been discussed previously (e.g., Holtz et al., 2001),
no study has addressed potential implications for melt transport efficiency.

The high efficiency of porous melt flow at high pressures agrees with natural observations that describe it in the Variscan
deep subduction wedge and lower crustal domes in the Bohemian Massif (Zdvada et al., 2018; §t1’pské et al., 2019; Aguilar
et al., 2020) and in the arc lower crust in Fiordland (e.g., Stuart et al., 2016; Chatterjee et al., 2024). However, porous melt
flow was also documented for medium-pressure conditions of 0.4-0.8 GPa in the orogenic middle crust in the Variscides
(Hasalova et al., 2008b). From the perspective of our model, this pressure is too low for efficient melt percolation. However, in
the Variscides, preceding phases of evolution were documented, where the partially molten rocks resided at a higher pressure
(Cooke and O’Brien, 2001). Therefore, the melt flow could have taken place during an earlier phase of evolution at higher
pressure, and the resulting compositional variations would then have been passively transported to lower pressure along with
the bulk rock.

In the European Variscides, silica-rich rocks with very low water content, called felsic granulites, occur (e.g., Cooke and
O’Brien, 2001) that have been interpreted as residues after melt loss under high-pressure conditions (>1.5 GPa) (Franék et al.,
2011; Lexaetal., 2011). These rocks typically do not contain macro-scale melt conduits (Fran¢k et al., 2011); instead, melt was
distributed along grain boundaries, indicating porous flow as the dominant mechanism of melt transport and removal (Zavada
et al., 2018). While the felsic granulites are relatively rare at the surface, it has been suggested that they form a substantial

portion of the Variscan lower crust (Moyen et al., 2025). Based on our models, we speculate that due to the decrease of melt
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Figure 7. Sketch of a partially molten domain where the porous melt flow is efficient, together with typical variations of melt fraction (blue
lines) based on our models. The melt moves from the source zone, leaving behind dry residuum. It rises in the form of porosity waves
and accumulates in batches on top of the partially molten domain. The top of the partially molten domain is defined either by the solidus
temperature corresponding to the water content altered by the melt inflow (i.e., more H2O-rich compared to the initial state) or by a boundary
with drier rocks that resist melting. Along its ascent path, the melt modifies the water content of the rock, as well as its microstructure, but

these changes may be difficult to detect.

viscosity with depth, the porous melt flow may be an efficient process leading to such "granulitization" of spatially extensive
domains in deep hot crust.

Figure 7 summarizes how our models can be interpreted in terms of melt flow in deep, hot, viscously deforming continental
crust. Efficient porous melt flow can lead to the formation of zones with relatively low melt fractions (<10% melt) at depth
and melt-rich-magmatic bodies at shallower levels. Solidification of melt accumulations can lead to heterogeneity in the water
content. The melt can also accumulate beneath regions with low melt productivity, such as dry rocks, which act as barriers to

melt flow. In the deep source region, dry rocks such as granulites that record variable melt loss dominate.

6 Concluding remarks

The parameterization of melting presented here is based on the assumption that water (HoO component bond in hydrous
minerals and free fluid phase) is the key factor determining the melt productivity of rocks. The parameterization is easily
applicable in numerical models, providing a first-order estimate of melt productivity of silica-rich rocks, depending on pressure,
temperature and water content.

Its applicability is demonstrated by models of gravity-driven melt flow through a crustal column. In these models, long-
lasting porous melt flow typically results in a stratification with a lower melt fraction in deep levels and melt migrating as
porosity waves and gathering at shallow levels of the partially molten column. This melt flow affects the water content, which

then determines melt productivity — defining a feedback loop typical of the reactive melt flow. Melt extraction from the source
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and its percolation upwards results in the drying and removal of water-content heterogeneities in the deep melt source regions.
In shallow levels of the partially molten zones, variable melt inflow produces regions with an increased water content that
evolves over time. In contrast, zones with a low water content, and therefore low melt productivity, behave as persistent barriers
for the melt flow. Our results further suggest that pressure, rather than temperature, influences melt viscosity by requiring more
water to be dissolved in the melt as pressure increases. This implies enhancement of porous melt flow in deep crustal levels,

where the melt flow may be efficient already at ~5—-10% melt fraction.
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BY-NC-SA 4.0.
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Appendix A: Numerical model description
Al Governing equations

We use a mathematical formulation that describes deformation of two phases — solid rock and melt (indices s and f, standing
for solid and fluid, respectively). The solid and melt can deform as well as move relative to each other, and the transformation
between them corresponds to melting and solidification. As there are only two material phases in the model, the volumetric
fraction of the melt is equal to the volumetric fraction of pores in the matrix, which is also referred to as porosity. The for-
mulation follows the approach of McKenzie (1984), further developed and implemented into ASPECT software by Dannberg
and Heister (2016). The presented models are (pseudo-)one-dimensional and focus on melt percolation through the solid. The
deformation of the solid in one dimension is highly restricted and plays a role only because it is coupled with melt flow and
melting due to mass conservation.

Total mass balances for the solid and melt are expressed as:

9((1—=9)ps)

ot +v'((1_¢)psus) =-TI, (A1)

where ¢ is the porosity, uy is the velocity of melt, u; is the velocity of solid, py is the melt density, p; is the solid density and
I" is the rate of melting. Assuming that p, and py are constants, we can sum these two equations and obtain the mass balance

in the two-phase material:

1 1
. +(1— s|=r'f———1. A3
V- [pus+(1—¢)uy] (pf ps) (A3)

The conservation of momentum in the two-phase material is expressed as:
=V (2n:€') + Vps + Vpe = pg, (Ad)

where 7 is the solid shear viscosity, € = é— % (V-uy)Iis the deviatoric part of the solid strain rate tensor € = %(VuS +VTu,),

py is the melt pressure, p, is the compaction pressure defined as:
Pc = _nb(v'us)a (AS)

where 7, is the bulk viscosity of the solid matrix, g is the gravity and the density p is calculated from the densities of the solid

and melt phases:

p=(1-)ps+dps. (A6)

The central equation in the adopted formulation is the Darcy law, which approximates the conservation of momentum of the

melt. It expresses the velocity of the melt with respect to the solid, u,e):

k
Ul = U —uy = —2 (g — Vpy) (A7)
ng o
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where £ is the porosity-dependent permeability and 7 is the melt viscosity. Besides the solid and melt motions, we solve the

equation of heat transport, including the advection and diffusion terms and the latent heat of melting/solidification:

oT oT
bprey <8t +uy- VT> +(1—¢)pscy <8t +u,- VT> — V- (kpVT) = TAST, (A8)

where T is the temperature, ¢ is time, c, is the heat capacity, k7 is the heat conductivity (the same for the solid and melt)
and AS is the entropy change due to melting. This equation assumes thermal equilibrium between the melt and the solid and
therefore the temperature is the same in both phases.

We track the change in the porosity defined by the mass conservation of the solid (A1). It can be expressed in the form of
the advection equation for the porosity, with additional right-hand-side terms representing the compaction of the solid matrix

and melting:

9¢ 1oV
E—i—us-V(b—(l )V us—I—ps. (A9)

Further, we track the water content in the solid (W) and the melt (W) as they are advected by their respective velocities and

affected by melting:

8;¥S+us-vwszrs, (AL0)
ow

5 tur VWp =Ty, (All)

where the reaction rates I's and I'y are defined by the melting model (see below).
A2 Definition of W

To describe the melting process and associated changes of W, and W, we first have to specify the meaning of the "composi-
tion" W. We define it as the mass fraction of a certain chemical component, X, in the partially molten material. In our melting
parametrization, it is the mass fraction of HzO, but generally it may be any chemical component of the material. W, and W
are then mass fractions of the component X in the solid and fluid, respectively.

Let px be the partial density of the component X (i.e., mass of the component X distributed between the melt and solid

phases, per unit volume of the two-phase mixture):
px = psdWy+ps(1— @)W, (A12)

Using (A12) and (A6), the water content W can be defined as:

W = PX _ ProWs + ps(1— )W

P prd+ps(1—9)

We use the melting model described in the main text, where the melting is parametrized using the solidus and liquidus

(A13)

temperatures, both functions of pressure and W. From Fig. 1a in the main text it follows that the solidus and liquidus lines
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define not only the solidus and liquidus temperatures, but also the equilibrium water contents of the solid and the melt, Wy,
and W, (for a given temperature and pressure). The equilibrium water contents then define the equilibrium melt fraction, so
that the mass of the component X is conserved.
Here it should be noted that two types of melt fraction can be defined. The first is the volumetric melt fraction, which in the
case of the two-phase melt-solid material coincides with the porosity ¢. The second is the mass melt fraction, @ ass:
Py
pro+ps(1—0)

Using (A13) in (A14) yields formula (4) in the main text. The equilibrium melt fraction can be calculated as follows: For

¢mass = (A14)

temperatures below the solidus, the equilibrium melt fraction (both volume-based and mass-based) is zero. For temperatures
above the liquidus, the material is entirely molten and the equilibrium melt fraction is 1. In between the solidus and liquidus
temperatures, the equilibrium melt fraction can be expressed from (A13) and (A14) as the lever rule:

Wee =W

massr — Trr 117 ° Al5
¢ Wsa: - sz ( )

A3 Implementation of melting and water content equilibration

The solution of the advection equations for W, (A10), Wy (A11), porosity (A9) and temperature (A8) is split into two steps.

In the first step, we solve the advection equations for the solid and liquid water contents without the reaction terms:

8W€ adv
% +us- vWe|adv = 07 (A16)
OW¢|aay
OVt 4 14y W =0, A1)

and analogous equations for porosity (A9) and temperature (A8) without the terms containing I':

09|adv
(bf‘)td Uy Volady = (1 — Olagy)V - U, , AL9)
OT | adv OT |aav
¢|advpfcp < 8|td —|—uf‘vT|adv> +(1_¢)‘adv),056p < 8|td +us'VT|adv> _v'(kTVT|adv) =0. (A19)

In the second step, the partial water contents, porosity and temperature are modified due to water content equilibration, melting
and latent heat release: "reactive" updates are added to the "advective" solutions (A16)—(A19).

After the advection step, W and Wy in general do not lie on the solidus and liquidus lines. The "reactive" updates AW, and
AW} are required to correct them, and the porosity update A¢ is required to ensure mass conservation of the component X .

Comparing (A16)—(A19) vs. (A8)—(A11) we can express the relationships between the updates and the reaction rates:

AW, =T, At, (A20)

AWy =T At (A21)

Ad = L ac. (A22)
Ps
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(Note that this definition of A¢ is valid for the reaction update of (A9) that is derived from (A1), and not of an analogous
equation that can be derived from (A2).)
If the temperature is between the solidus and the liquidus, we calculate the updates from the equilibrium partial water

contents:

AWy =W, — Ws|adv s (A23)
AW =Wy — Welady -

To calculate the porosity update, we first determine the relationship between the reaction rates I'y and I'y and the melting
reaction rate I'. Multiplying equation (A10) by ps(1 — ¢) and equation (A11) by p ;¢ and summing the resulting two equations
we get:

9(pW)
ot

+ V- (proWrug + ps(1— @)Wouy) = psdly + ps(1— ¢)Ts + (Wy — Wi)T. (A24)

Conservation of total mass of the component X (integral of pI¥/ is constant over any domain with impermeable boundaries)
implies that integrals of both the left-hand side and the right-hand side of (A24) over such domains must be zero. Since the
right-hand side represents only purely reactive terms, depending only on local thermodynamic conditions and melt fraction,

one may by a localization argument infer that both sides of (A24) must be locally zero everywhere, i.e.:

d(pW

(gt )+V' (proWrus +ps(1 = ¢)Wiu,) =0 (A25)
and
oL s+ ps(1— )Ty + (Wy — W,)T =0, (A26)

which can be rearranged as:

_ sl +p (1= 9T,

r A27
W, —W; (A27)

The porosity update is then:

Ap= L ap PrTr+ps(1- O)s o, _ Pr®AW +ps(1— O)AW, A2%)

Ps ps(Ws —Wy) ps(Ws = Wy)

Note that W; and W, have to be already corrected by the reactive update (i.e., they are not the advective solutions).
If the temperature is below the solidus temperature, the relationships (A23) and (A28) for the updates are not applicable.

If the porosity is zero in this case, there is no melt and W, (and formally also W) does not change by reaction. However,

a situation may occur where, after the advection step, ¢|.qv > 0. In that case, the "reactions" act to reach the equilibrium

porosity ¢, = 0, while ensuring the conservation of mass of the component X . The porosity update is then calculated from the

equilibrium porosity:

A¢ = ¢z - ¢|adv = _¢|adv . (A29)
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From (A26) for ¢ = 0 we get:
psL's +(Wy =W )I'=0, (A30)

and using W|aav and Wylaay as predictors of W, and Wy, respectively, the update of the solid water content is:

r A¢ ¢|adv
F9: sladv — adv)—— = sladv — adv) A, — — sladv — adv ) A31
s = (Wslaa Wf|d)ps (Wilaav = Wrlaav) 57 = = (Wslaav = Wrlaav) = (A31)
implying
AWS = _(Ws|adv - Wf|adv)¢|adv- (A32)

The definition of AW is not straightforward, because below the solidus, there is no melt in equilibrium. However, we can

define it using (A26), where we plug in (A29) and (A31), which yields:

(b‘adv
At

Ty ==L (Walaaw = Wilaav) =AWy == (Wilaay = Wrlaav)flaay (A33)

Analogously, for the temperature above the liquidus temperature, the equilibrium porosity equals 1 and the updates are:

AP =p; — Plady =1 — @ladv (A34)
AWS :(1 - ¢|adv) (Ws|adv - Wf‘adv) P
AVVf :%(1 - ¢|adv) (Ws|adv - Wf‘adv) .

In the numerical implementation, the reaction updates are relaxed in time using the characteristic time scale of melting Atyy,
which defines how quickly the porosity and partial water contents change to reach equilibrium. In addition, because the melting
and equilibration typically occur at a shorter time scale than melt and solid motions, we divide the time step (that is equal to
the advection time step) into several (at least 10) sub-steps. The updates are then computed iteratively over these sub-steps
using a forward Euler method with the initial value equal to the “advective” solution. The changes of the partial water contents,
porosity and temperature due to the reaction terms are then added point-wise to the “advective" solutions. For more details on

time stepping and on treatment of reaction terms, see the ASPECT Manual (Bangerth et al., 2024b).
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Table A1. Notation and parameter values.

EGUsphere\

Symbol  Meaning Values  Unit

A activation energy factor for solid viscosity 150 kJmol ™!
«@ porosity factor for solid viscosity 20 —

Cp heat capacity at constant pressure 1250 Jkg7'K™!
D characteristic spacing of pores 1073 m

€ solid strain rate tensor s71

ny shear viscosity of melt Pas

Ns shear viscosity of solid Pas

o solid viscosity prefactor 10'2 Pas

s bulk viscosity of solid Pas

g gravity acceleration 10 ms 2

r melting rate (mass-based) kgm 357!
I reaction rate for solid water content s

ry reaction rate for melt water content st

ke permeability m?>

ko permeability prefactor 0.01 —

kr thermal conductivity 3 Wm K!
10} volumetric melt fraction (porosity) —

Prmass mass melt fraction —

De compaction pressure Pa

pf melt pressure Pa

R universal gas constant 8.31 Jmol 'K~!
P density kgm™3

Ps density of solid 2800  kgm™®

oy density of melt 2400  kgm™?
AS entropy change due to melting 300 Jkg 'K™!
t time S, yr

Atym characteristic melting time scale 1000 yr

T temperature K, °C

us velocity of solid cmyr—!
uy velocity of melt cmyr—!
%4 bulk water content of partially molten material wt% H20
W partial water content of solid wt% HoO
Wy partial water content of melt wt% HoO
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