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into lavas and erupted, presenting opportunities to define the time- perspectives
scales and chemistry of some mush processes in volcanically active
regions. Mush systems can be observed onlength scales ranging from
kilometres (using geological mapping) to micrometres (using crystal
textures). Therefore, itis difficult to integrate data and interpretations
across different fields. Improved integration of thermodynamics,
textural analysis, geochemistry, modelling and experiments,
alongside inputs from adjacent fields such as porous media dynamics,
engineering and metallurgy will help to advance understanding of
mush systems and ultimately improve hazard evaluation at active and
dormant volcanic systems.
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Key points

o All magmas transition through a mush stage during solidification,
when there is an interconnected solid framework that can transmit
stress with an interconnected liquid in the pore spaces.

e Long-lived crystal mushes are the site for the enrichment,
segregation and deposition of many mineral deposits and are
important for productive geothermal systems. Additionally, mush
instability is closely linked to volcanic eruption.

e The physical behaviour of mushes depends primarily on porosity,
melt viscosity, permeability, and crystal shape and size distribution.
These properties can vary substantially across different length scales.

e Cumulates represent the crystalline residue left over after the
segregation of crystals or the extraction or migration of silicate melt
during igneous differentiation. Cumulates are complementary to
erupted magmas.

e Melt migration in crystal mushes can occur by grain-scale porous
flow or channelization. Reactive melt migration can affect crystal
mush porosity, permeability and composition, and therefore alter the
chemical evolution of the residual liquid.

e The thermal maturation of volcanic systems enhances crystal-melt
segregation in the crust and is expected to increase the migration,
reaction and extraction of melt from mush. Disaggregation of mush
can transfer crystal cargo to erupting magmas.

Introduction

Volcanic systems are the outward expression of plate tectonics and heat
loss from the Earth, producing magma storage reservoirs and transport
pathways that contain crystal mush: regions of molten rock containing
acrystal framework and varying amounts of melt and fluid' (Fig. 1). Geo-
physicalinformation (such as seismic velocity, tomography, gravity or
magnetic data) indicate that the quantity of silicate melt within the crust
is relatively small (<15% (refs. 2-4)). These observations suggest that
melt-richbodies are ephemeral’ and instead magma is mostly stored as
crystalmush. Crystal mush processes (such as solidification, melting,
and physical separation of crystals and silicate melt) govern igneous
differentiationin all geological scenarios where partial meltis present,
including deep mountain-building environments, subduction systems,
mid-ocean ridges and ocean islands.

Mush and magma form part of a continuum from fully liquid to
fully solid. Crystal mush can be defined as a super-solidus rock with
alargely interconnected melt phase’® within a continuous crystal
framework®’ and with variable fluid content (Fig. 1). The chemical
and physical properties of a crystal mush (such as temperature, melt
composition, density, tensile strength and seismic velocity) change dra-
matically with crystal fraction' (Fig. 1). The overall rheology of crystal
mushis controlled by the properties of the solid crystal framework>*’.
In contrast, magma can be defined as a melt with solid crystals and
varying amounts of fluid in suspension, with arheology that is largely
controlled by the continuous melt phase®'°. Mushy rocks can form
through magma crystallization or through the partial melting of the
crust caused by regional or contact metamorphism’, and the definition

of crystal mush can be applied equally to crystallization or partial
melting”". This Review primarily focuses on crystallization, but we
do not intend to imply a one-directional process. Long-lived mush
systems can undergo many iterations of crystallization, resorption and
recrystallization'", and partial melting of the crust can be a crucial
part of magma generation and differentiation®".

Mushes provide insight into multistage crustal magmatic pro-
cesses that cannot be determined from melts alone. For example, the
prevalence of crystal mushis anindicator of the heat and mass balance
from the mantle to the crust. Interpreting geophysical data to image
magma storage and transport zones requires knowledge of crystal
mush properties. Understanding of crystal mush processes can give
insights into the timescales and mechanisms of system change in the
lead up to eruptions, and therefore represents a route towards the
anticipation of future eruptions.

In this Review, we examine mush processes in crustal magmatic
systems across space and time as related to tectonic setting, the evolu-
tion of volcanic systems and the precursors to volcanic eruptions. First,
we discuss the different strands of evidence that are used to constrain
the occurrence of mush, and summarize the physical and chemical
processes that operate during mush formation, rejuvenationand erup-
tion. We then evaluate therelative importance of these processesinthe
context of the evolving thermal maturity of volcanic systems and across
different tectonic settings. We discuss how pre-eruptive mush pro-
cesseslink to the timescales obtained by radiometric dating or diffusion
chronometry of erupted crystals. We conclude that advancesin under-
standing mushes are likely to arise by improving the integration of evi-
dencefrompetrology,geochemistry, geophysics,analogue experiments
and dynamical numerical models, across diverse spatial scales.

Evidence and importance of crystal mushes
Understanding how materials are formed and processed through crys-
talmushes provides insight on geodynamics, rates of magmatransport,
the extraction of partial melts from their source, and timescales of
volcanism and crust formation. Cooling magma spends most of its
lifetime as mush'; therefore, the timescales of magma generation
and extraction are intrinsically linked to the physics and rheology of
multiphase systems. Mush processes are also important for natural
resources; for example, active convection of melt within mushes is
partly responsible for the high rate of heat transport required for effi-
cient geothermal systems”. Additionally, changes in melt chemistry
during igneous differentiation generate the chemical enrichment
required for the formation of various mineral resources, including
deposits of chromite', rare earth elements”, platinum group elements'
and copper”. Finally, the presence of silicate melt influences the bulk
strength, elastic properties and strain partitioning behaviour of the
crust. Therefore, multiparametric geophysical evidence and numeri-
calmodelling of crustal thermal structure” provide strong evidence for
the presence of melt within the crust. Understanding the formation,
behaviour andsolidification of mushis key to linking real-time surface
geophysical observations to subsurface magmatic processes®.
Allmagmabodies equilibrate thermally with the crust and solidify
by progressive crystallization, passing through amushy state. Samples
of mush can be disrupted and brought to the surface by eruptions
across all tectonic settings, fromarc volcanoes* tomid ocean ridges®,
providing snapshots of crystal mush solidification. These samples
include melt-bearing nodules®, plutonic enclaves®°, and crystal
clots and glomerocrysts®, as well as plutonic rocks exposed at the
Earth’ssurface.Inthese samples, grain-scale textures and geochemistry
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Fig.1|Schematic mush cross-section. Left: the distribution of crystals within
amushasafunction of depth. The insets show illustrative mush textures with
tabular primocrysts (brown); a space-filling, interstitial phase (pale grey); and
melt (darker grey). The horizontal dashed blue line schematically indicates the
transition from magma to mush. Right: the phase abundances (melt fraction,
solid line; crystal fraction, dashed line); temperature; and melt composition
(K,0, incompatible, solid line; MgO, compatible, dashed line) of a cooling

intrusion. These schematics are based on direct observations of crystal

mush sampled by drilling in Makaopuhi lava lake* but are not intended to be
prescriptive of a particular system. The depth scale is also schematic and could
span a few tens of metres from top to bottom, but more broadly is determined
by the melt composition and heat balance across the mush. The chemical and
physical properties of a crystal mush can change dramatically with depth.

can be used to define crystallization processes, estimate crystal frac-
tions and infer the occurrence of melt convection and compaction
or disaggregation of the crystal mush. For example, narrow films of
interstitial phases indicate the final locations of crystallization, the
formation of replacive grain-boundary textures indicate the occur-
rence of a localized reaction with migrating late-stage liquids®, and
disequilibriumhornblende overgrowth on clinopyroxene primocrysts
is evidence of reactive melt percolation by evolved hydrous melts
within the mush®,

Drilling programmes have been used to sample mushes directly.
For example, samples obtained from drilling in lava lakes® and dur-
ing exploration for geothermal resources® have revealed progressive
changes in crystal content, melt chemistry, mineralogy and physical
properties with depth (Fig. 1). These changes are reproduced by labo-
ratory experiments seeking to generate mush by holding samples of
basalt at super-solidus temperatures in a thermal gradient™.

However, thesmalllengthscale of these direct sampling approaches
cannot provide evidence for larger-scale dynamic mush processes such
asdifferentiation, sedimentation, localized deformation or melt extrac-
tion. Instead, evidence for these processes canbe found in meso-scale
plutonic rock fabrics’ and bulk rock and mineral chemistry, including
individualintrusions as well as exhumed sections of arcor ocean crust.
For example, in the Searchlight Pluton, Nevada, large-scale mapping,
geochemistry and high-precision geochronology provide evidence for
the differentiation and extraction of evolved residual liquid from crys-
tal mush to feed overlying leucogranite sills and volcanic eruptions™.
Additionally, features of localized high-temperature deformationsuch
as mush faulting and slumping are preserved in steep mushy sidewalls
found in the Skaergaard intrusion® and in the Sierra Nevada®.

Crystal mushes and cumulate formation
Cumulates are the crystalline residue left over after the differential
movement or segregation of crystals and extraction or migration of

silicate melt duringigneous differentiation. Mineralogically and chemi-
cally, cumulates do not represent a bulk melt or magma composition
because the solid phase is over-represented relative to the liquid*®.
Cumulates represent a record of geochemical differentiation that is
complementary to erupted magmas and is present in exposed plu-
tons, ophiolites, deep crustal transects and as enclaves in volcanic
eruptions®****°, In this section, we summarize some of the general
mechanisms for the formation of cumulate mushes and their signa-
turesinnatural rocks, before reviewing the geochemical and physical
consequences of these processes.

Crystal settling

Crystals can be separated from liquid by settling. For a single crystal,
settlingis determined by the crystal size, the density contrast between
the solid and the melt, and on the viscous drag between the melt and
crystal, which depends on the melt compositionand crystal shape* and
orientation. However, for abundant crystals, crystal-crystal interac-
tions become important and often slow down crystal migration*>**,
These complex interactions affect the meso-scale properties of crys-
tal mushes such as size distribution and phase abundance®, and are
implicated in the formation of some metal-rich ore horizons*°. For
example, during the settling of dense suspensions, crystal-crystal
interactions canlead to the generation of layers defined by crystal size
and density***, internally differentiating mush packets linked to ore
mineralization™, and density instabilities that result in crystal-laden
plum @g 44950

Consolidation of the crystal mush

A loosely packed mush is not at its maximum packing density; melt
can therefore be segregated if crystals are consolidated (repacked)
into a more efficient spatial arrangement (this process is also known
as ‘mechanical compaction”'~?) by being translated and rotated under
gravity or during shear deformation (Fig. 2a,b). In a loosely packed
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Fig.2|Mush compaction. a,b, The translation and
rotation (thin black arrows) of individual crystals
withinaninitially loosely packed mush (a) leads to
compaction and porosity reduction of the mush
through mechanical consolidation (b) in response to
applied stress (thick black arrows). When the mush
contains anisotropic crystals, this consolidation
resultsin shape-preferred alignment, as shown.

¢, Aschematic representation of composite mush
rheology® (orange line) including contributions
from mechanical consolidation (dashed line) and
viscous compaction (solid line). The vertical dotted
line indicates the melt fraction at the maximum
packing fraction, ¢,,. Compaction occurs primarily
by mechanical consolidation at melt fractions >¢,,
and by viscous compaction at melt fractions <g,,.
d, Continuous model for liquid-solid compaction
length for two-phase flow from porous flow regime
(accommodated by viscous compaction at melt
fractions <@, and by melt localization between ¢,,
and ¢, the porosity at which mush disaggregates)
tosuspension flow* (crystal settling). e, A cross-
polarized photomicrograph showing deformation
twinning and mechanical bending (asterisks), which
provides textural evidence of viscous compaction.
f, A cross-polarized photomicrograph showing
constant composition rim growth (arrows), which
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mush, melt segregationis dominated by frictional interactions between
crystals®. These interactions can lead to the formation of force chains
between neighbour crystals that localize stress accumulations and
deformation within the mush®. High-temperature and analogue
experiments*®***, and field and petrological research on melt loss in
shallow to mid-crustal intrusions®®, suggest that mechanical consoli-
dation canreduce porosity by up to tens of per cent (Box 1). However,
this process is limited to mushes with crystal fractions <0.7 (ref. 53).
Mechanical consolidationis hard to discernin nature becauseitleaves
little textural signature, except for the development of a foliation*
(Fig.2b). The strength of this foliation depends on the crystal shape and
the extent of meltloss (for example, as estimated by trace-element mass
balance®***°¢"), Once the maximum packing density hasbeen reached,
the remaining melt can only be expelled by viscous compaction®
(Fig.2c,d).

Viscous compaction of the crystal mush
In densely packed mushes, further melt extraction occurs by viscous
deformation of the crystal framework, through diffusive pressure
solution (that s, dissolution-reprecipitation) processes and by grain
boundary diffusion creep®**>%, These processes can be driven by
the applied stress, which is related to the density contrast between
the melt and crystal phases® ¢, Resistance to viscous compaction is
dominated by viscous drag between the expelled melt and the crystal
framework, and also by the high effective viscosity of the matrix®*®.
Viscous compaction is facilitated by extraction of melt through an
interconnected network of melt between the mush framework®, which
develops during progressive textural equilibration between crystals
and melt®>%¢ (Box 1).

The compaction length scale describes the characteristic thick-
ness of the deforming mush layer*>**%* (Fig. 2d). This length scale
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is expected to range from metres to hundreds of metres, depend-
ing on the physical properties of the melt, which are determined
by its composition, and the specific processes controlling mush
compaction***>*°, When the mush is highly permeable and/or the
viscosity of the crystal framework is high, the compaction length
can be large compared with the thickness of the mush layer and, in
that scenario, compaction is limited only by the deformation rate of
the crystal framework®*. This scenario is valid for thin mushes (with
a thickness ranging from one metre to tens of metres, depending on
the melt fraction and melt composition). In contrast, in thick mushes
(hundreds or thousands of metres thick) the compaction length is
substantially smaller than the mush layer thickness and compaction
is controlled by both the deformation of the crystal framework and
the mush permeability®**>*’, In general, compaction should therefore
progress more quickly inlong-lived, thick mushes with alarge density
contrast between crystals and melt, than in thin mushes with a small
density contrast.

Whether melt can be segregated from a mush by repacking or
involves grain boundary diffusion processes, depends on the rate of
compactionrelative to crystallization (Fig. 2c) because crystallization
fills interstitial pore spaces, which progressively inhibits compaction
(Fig.2d). Experiments and mid-crustal to upper-crustalsilicicintrusions
exhibit a preserved melt fraction that corresponds roughly to their
expected maximum crystal packing, suggesting that consolidation
(repacking) controls melt loss in these systems®*’°. This inference is
consistent with an experimental observation that viscous deformation

Box 1| Physical properties of crystal mushes

hasacompaction rate threeto five orders of magnitude lower than that
of consolidation®**, The rates, mechanisms and textural signatures
of viscous deformation and mechanical consolation merit further
research because they represent the early stages in the extraction of
a potentially eruptible melt that can feed surface volcanic activity,
and because they affect the formation of economic resources such as
chromitites*.

Viscous compaction might be identifiable through textural sig-
natures such as undulose extinction, low-angle grain boundaries and
mechanical twins*”! (Fig. 2e). These signatures arise from free disloca-
tions that form in response to stress. Diffusion-driven pressure solu-
tionisexpectedtoresultintruncation of grains, formation of sutured
or lobate grain contacts, and compositionally distinct overgrowths
on favourably oriented crystal faces?*” 7. Deformation textures are
relatively common in large plagioclase-rich or olivine-rich cumulate
bodies™ ¢ and can be shown to have formed when melt remained
present”"”, Evidence of deformation occurring when melt was present
isalso found insmaller, lower crustal and oceanic gabbros™””. However,
thereremains disagreement over whether these features are unambigu-
ously linked to compaction driven by the overlying crystalmush or to
external tectonic drivers”7>75,

Melt convective migration within the mush

Crystal settling, mechanical consolidation and viscous compaction are
all processes thatact on the mush framework; however, the chemistry
and differentiation of the mush system canalso be affected by processes

Porosity and crystal content

Solids in crystal mushes form an interconnected framework through
which melt can percolate until the percolation threshold is reached.
The crystal fraction above which a magma becomes a mush (Fig. 1)
depends on many factors including crystal size and shape (that is,
aspect ratio). Structural analysis of natural crystal mush frameworks
suggests that the initial crystal fraction can be as low as 0.2

(ref. 208). This finding is consistent with high-temperature basalt
partial melting experiments in which rock strength is maintained

by chains of interconnected plagioclase crystals, until the crystal
fraction is around 0.3 (ref. 209). Analogue experiments to create
random, loosely packed mushes show that solid fraction decreases
with increasing friction and particle aspect ratio®>?'°. Numerically
simulated mushes of anisotropic cuboids (approximating plagioclase
shapes) can also have very low solid fraction (<0.2), depending on
crystal shape®®*". Therefore, the crystal fraction of a natural crystal
mush can be locally heterogeneous and increases as the variability
of the crystal size increases’>”®. These characteristics mean that,
although crystal mush behaviour is commonly described relative to
arheologically locked state, there is no fixed crystal fraction at which
this state occurs because it strongly depends on crystal shape and
size distribution.

Permeability

Interstitial liquid can move through the connected pore space of a
crystal mush. The rate of melt flow depends on the pressure gradient
that drives it (which can arise from buoyancy or external stresses),

the melt viscosity and the geometry of the pore space. These
characteristics are captured by the permeability, which is typically
described using Darcy’s law. Flow velocity increases with decreasing
melt viscosity, increased pressure gradient and increased
permeability®™. For a mush of spherical particles, the permeability is
controlled by the crystal fraction and grain size®**"*?", This concept
can be generalized to mushes with a substantial size distribution or
varied shapes®®?" by instead considering the specific surface areas
of the crystal framework?°??°, Importantly, the permeability of natural
crystal mushes will also be anisotropic (Fig. 2a) if there is a crystal
fabric, substantial modal layering or active deformation"*'6?%',

Crystal shape and textural equilibration

Crystals growing freely from a melt at low undercooling typically
have a compact, euhedral crystal shape. However, the euhedral
growth shape is not texturally equilibrated with adjacent crystals

in a mush, or with the interstitial melt?*°*??, Textural equilibration
(sometimes described as maturation) in the presence of melt creates
smoothly curving melt films on two- and three-grain boundaries®»¢'¢8
and eventually leads to the formation of equilibrium solid-melt
dihedral angles®®®". The textural equilibration process is largely
diffusive’” and therefore depends on mush temperature and the
composition of melt and crystals. Prolonged storage of crystal mush
allows textural equilibration to progress through coarsening and
diffusive readjustment of crystal boundaries. Textural equilibration
can modify the texture and physical properties of the mush,
particularly the permeability and percolation threshold®®.

Nature Reviews Earth & Environment | Volume 6 | June 2025 | 401-416

405


http://www.nature.com/natrevearthenviron

Review article

operating on the melt, including convective circulation. Convection
is driven by changes in buoyancy arising from chemical or thermal
perturbations. In most magmatic systems, melts are less dense than
their surrounding crystal framework and evolve towards even lower
melt densities as a result of compositional changes. The buoyant inter-
stitial melt can therefore be continuously expelled from the crystal
mush through convective separation, and replaced in the pore space
by circulating melt from the resident magma body”**°. This process,
known as compositional convection, enables the interstitial melt to
maintain a constant composition”®. The textural signature of com-
positional convection in cumulates includes crystal overgrowth rims
of constant composition” (Fig. 2f), mesoscopic pipe structures, which
might represent convective return flow®"*?, and adcumulate rocks™*.

Convection of interstitial melt within the mush depends onfactors
such as the contrast in density between phases within the mush, the
permeability and thickness of the mush, and the melt viscosity’, as
described by the Rayleigh number. Interstitial melt convection occurs
whentheRayleighnumberexceedsacritical value (approximately 25-80
(refs.80,84)). Overall, compositional convection withina crystal mush
requires a mush with a thickness of hundreds of metres®® and rela-
tively high permeability, even for hydrous melts with relatively lower
viscosity®.

Volatile migration and filter pressing

Inaddition to convective melt migration, volatiles such as H,0 or CO,
canalso percolate within the mush pore spaces. The behaviour of vola-
tilesinacrystalmushisimportant because they impact the buoyancy of
themushand can carry substantial quantities of metals®. As the mush
solidifies, volatile exsolution is increasingly favoured because volatiles
aretypicallyincompatible and their concentrationinthe melttherefore
increases with melt differentiation. Volatile exsolution (thatis, bubble
nucleation) is therefore most likely near the top (lower pressure) orin
the more evolved parts of mush systems®.

The nucleation and growth of bubbles within the mush creates a
volume change that acts as a pressure source and has been proposed
as an efficient means to expel melt; this process is known as gas filter
pressing® %, The large positive buoyancy of exsolved magmatic vola-
tiles allows them to migrate through crystal mushes’*’". The efficiency
of volatile movement through the mush increases with increasing
crystal fraction’>”' and with the ratio of bubble size to crystal size®*%,
Volatile exsolution and migrationis expected to be more importantin
systems with abundant volatiles. However, volatile transport mostly
occurs in the form of viscous fingers’*”*, which limits the amount of
melt that can be displaced. Hence, overall, gas filter pressing isnot an
effective way to facilitate melt loss and the formation of cumulates®?,
althoughit could be animportant means of redistributing fluid-mobile
elements towards regions of ore deposition®.

To summarize, cumulates are formed when melt and crystals are
segregated from each other or when differentiation occurs through
physical processes that act within the mush. Crystal-melt segrega-
tion results in igneous differentiation and spatial redistribution of
incompatible or fluid-mobile elements. These changes canlead to the
generation of eruptible melts and might result in ore mineralization.

Consequences of melt migration

The convective circulation of interstitial melts relative to their crystal
framework has beenrelatively well researched, particularly for layered
cumulates in dry basaltic mush systems. However, migration of melt
through a mush framework does not need to be locally convective.

Non-convective migration is thought to be a key driver of differen-
tiation and crystal-melt segregation across chemically diverse mush
systems”®, In this section, we review the physical properties and chem-
ical consequences of melt migration and explore feedbacks between
melt migration and mush porosity.

Pervasive and channelized melt migration

Therate of porous melt migration (that is, movement of the interstitial
liquid within the mush framework) depends on mush permeability, melt
density and viscosity, and the pressure gradient driving the flow. The
porosity, permeability and composition of crystal mushes are expected
tovary onscales ranging from10 mto10° m, owing toa combination of
centimetre-scale modallayering and up to kilometre-scale primocryst
phase layering found in many plutonic rocks*”?”*%, Variations in texture
and crystal packing characteristics (Box 1) can create melt fraction
variations over the same range of length scales, leading to a spatially
variable permeability. Additionally, the variation of melt fraction with
temperature depends on the bulk composition, pressure and volatile
(H,0) contents” of the melt, which leads to further spatial variability
in the rate of pervasive melt migration.

Inadditionto pervasive, grain-scale porous flow, many porous sys-
tems also display asecond mode of porous flow through larger-scale,
high-porosity features such as channels. Channelized flow s typical of
industrial packed beds as well as natural systems such as the partially
molten mantle where narrow channels and variable melt compositions
can spontaneously develop”'°°. Similar channel features also formin
crystal mushes, for example, during melt-solid reactions'® ', compo-
sitional convection® or fluid infiltration’’. Additionally, channelization
can develop dynamically during flow through porous mush, owing to
reactive flow (thatis, partial dissolution; Fig. 3a), which leads to reactive
infiltration instabilities'°>'**1% or multiphase (immiscible) flow, which
leads to viscous or capillary fingering®*'°, Channelized features often
occur onscales between the thinsection and the outcrop scale, making
it difficult to recognise the textural effects of channelized flow. It can
therefore be challenging to understand the extent of channelization
and to apply modelling approaches to interpret porous flow.

Buoyancy-driven pervasive melt migration might lead to instabili-
ties in the form of melt-rich lenses'®”'°®, which can travel through the
mush as porosity waves***>'71% Such melt-rich lenses could be linked
to rapid melt transport through, extraction from, or even creation of
magmareservoirs*****1°, Hence, slow (grain-scale) transport mecha-
nisms could be physically linked to fast (channelized) transport mecha-
nisms through porosity waves. Together these transport mechanisms
could control melt distribution and extraction from mushes, providing
a potential mechanism to understand magma formation timescales
by drawing together chronological constraints and physics (see the
section Crystal mush disaggregation and eruption).

Thedegree of textural equilibration between crystals and melt®is
important for both pervasive and channelized porous melt migration
becauseit affects the solid-melt dihedral angles and therefore controls
the connectivity of the melt phase and the melt transfer rate.

The impact of deformation

In regions of active tectonism, shear deformation can substantially
enhance melt flow and segregation'. Dilation of the pore spaces in
the mush, which occurs when closely packed mush framework grains
are forced apart to move past each other, is key to enhanced melt
movement>™""_ Dilation increases the volume of the pore spaces,
locally reduces pressure in the interstitial melt and can suckin melt from
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a Grain-scale reaction infiltration

Fig. 3| Reactive meltinfiltration. a, A schematicillustration of grain-scale
reaction infiltration of melt into a matrix of solid A + B (ref. 128). Melt (yellow)
undersaturated in phase A (dark blue) infiltrates the mush (red arrows) and
reacts with the solid matrix, causing dissolution of A and reprecipitation of new
composition B,, leading to channelization (outlined by the dashed white lines).
b, Chondrite-normalized (N) compositions of Ce and Y in clinopyroxene (cpx)
from global mid-ocean ridges (circles, East Pacific Rise; triangles, Mid-Atlantic
Ridge; squares, South West Indian Ridge) are largely inconsistent with fractional

b Evidence of reactive porous flow
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crystallization (solid grey arrow) but can be reproduced through reactive melt
flow (dotted blue arrow, with a solid modal assemblage of 7.5% olivine (ol) + 43.5%
plagioclase (pl) + 49% cpx; dotted black arrow, with a solid modal assemblage of
80% cpx +20% pl), based on refs. 101,102, updated using data fromref. 199. The
colour bar shows the magnesium number (Mg# = Mg/(Mg + Fe)) for cpx. Reactive
melt flow results in over-enrichment of trace elements relative to fractional
crystallization and leads to recrystallization and chanelization. Part b adapted
fromref.101 under a Creative Commons licence CC BY 4.0.

surrounding areas"*"*, Dilation during shear deformation causes
melt to migrate away from grain boundaries normal to the maximum
compressive stress, and into films or channels parallel to maximum
compressive stress®>"*'5, This migration is consistent with geodynami-
caland numerical modelling results, which show that tectonic extension
favours vertical melt extraction”"®. Enhanced vertical melt extraction
inextensional tectonic settings is consistent with the short timescales
inferred petrologically for melt transfer in these settings™""'°, Addi-
tionally, such migration could explain why magmas associated with
upper-crustal compression have more differentiated chemistries than
those associated with upper-crustal extension'’. Thus, shear deforma-
tion can lead to local crystal-liquid segregation'*>'?° and large-scale
differentiation®.

Reactive melt percolation

Muchwork hasfocused onthe crystal-melt reactions that canaccom-
pany porous flow, because such reactions might have important impli-
cations for melt evolution®"%?'?2, These reactions can occur whena
more evolved mush is replenished by more primitive melt**'?>?* or
during the migration of more evolved interstitial melt into a more
primitive crystal mush'*>'2,

If areplenishing melt is hotter than the mush or undersaturated
in a phase present in the mush, it can trigger partial dissolution of
the primocrysts, leading to increased mush porosity"%'>'% (Fig. 3a).
For example, partial dissolution can occur when pyroxene-saturated
basaltic melts migrate through olivine-bearing mush'®'*%, or
when amphibole-saturated melts migrate through anhydrous
assemblages®®'?, Even if the migrating melt is saturated in the same
phases presentinthe mush, theincoming meltis unlikely to be in chemi-
cal equilibrium with the framework crystals; for example, the melt
mightbe saturatedin olivine and plagioclase, but not be inequilibrium

withthe host magnesium/ironratioand anorthite content. This disequi-
libriumtriggers both diffusion-driven and dissolution-reprecipitation
reactions. As a result, changes in modal abundance'® and major,
trace-element and isotopic composition are likely to occur between
relict cores and new growth'0%1241271297132,

Reactive melt flow canbeidentified throughits chemical effects on
the mush. Fast-diffusing major elementsin the percolating melt (such
as iron and magnesium) can maintain equilibration with the crystal
mush framework through diffusive exchange, whereas slower-diffusing
elements cannot'”". Furthermore, dissolution-reprecipitation reac-
tions, which can occur in high-temperature experiments with run
times as short as 6 h'**, might lead to an over-enrichment of incom-
patible trace elementsin the melt relative to fractional crystallization
trends'®'* (Fig. 3b). These chemical signatures are commonin plutonic
systems, suggesting that reactive porous flow might contribute to
meltevolutionacross various settings®>'°*12 If the mush framework
completely equilibrates with the melt for major elements, then this
mush-melt equilibrium can be used for geobarometry to constrain
the depths of mushy reservoirs™*.

Textural evidence for reactive flow typically includes the presence
of relict cores and new rim compositions. However, these features
can be difficult to distinguish from the products of some peritectic
reactions""*°, For example, peritectic amphibole is formed during
the differentiation of wet arc melts through reactions between clino-
pyroxene and olivine'®>*"¥, The rock record preserves textural and
geochemical evidence of reactive melt percolation, from the micro-
metre scale in the Rum Layered Intrusion, Scotland™® to at least the
metrescaleinthe deep arc and oceanic crust'®', To help identify and
understand theimpact of reactive flow, more work is needed to define
the textural signatures that result when melt-mush reactions locally
alter melt composition, porosity and permeability.
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@ Mush intruded or underplated by new magma (macro-scale)

Descending
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Magma

Descending
plume

b Grain-scale disaggregation

Fig. 4 |Mush disaggregation at different scales. a, Macro-scale Rayleigh-Taylor
instabilities might cause plumes of crystal-rich material to descend from mush
(red) intruded or underplated by new magma (yellow). The illustrative scale
baris approximately 1 m. b, Crystal-scale disaggregation of mush adjacent to
melt-rich layer (yellow) results in the generation of antecrystic crystal cargoin
the extracted magma. The glomerocryst represents a disaggregated fragment
ofthe mush and shows evidence of dissolution at internal boundaries (arrow)
and overgrowth rims that are common to all grains. Pre-eruptive processes
canresultin crystal mush disaggregation or destabilization. hbl, hornblende;

pl, plagioclase.

Crystal-meltreactions during porous flow also affect the poros-
ity of crystal mush, and thus have implications for melt transport,
melt accumulation and mush stability. Thermodynamically con-
strained models for mafic systems show that recharge with primitive
melt generally leads to net dissolution of mush phases and hence
an increase in porosity***2, For many scenarios of reactive flow of
already-differentiated, interstitial melts in mafic crystal mush, ther-
modynamic modelling suggests that the ratio of assimilation to

crystallisation is close to unity, indicating that porosity is maintained.
However, where plagioclase forms a large proportion of the reacted
assemblage, porosity might decrease during the migration of evolved
melts™. Reactive flow can alter mush porosity without requiring large
increases in temperature®'?, resulting in the formation of melt-rich
lenses and potentially leading to mush destabilization and eruption.
Overall, the evolution of the porosity and permeability of mush systems
isgoverned by many complex physicaland chemical factors; therefore,
anintegrated observational, experimental and modelling approachis
required to fully understand it.

Crystal mush disaggregation and eruption

Volcanic eruptions occur whentheinternal pressure of the magmares-
ervoir exceeds the external lithostatic pressure or the tensile strength
of the host rock™° and when the viscosity of the stored magma is low
enough to allow flow, whichis typically thought to be when the magma
ismelt dominated™. Evidence from geochronology and the mechanical
understanding of mush behaviour suggests that crystal mushes primar-
ily exist asanon-eruptible, rheologically locked crystal framework with
interstitial melt'*"'*>, This mush must be rejuvenated or reactivated
to permit the eruption of crystal-rich mush or extraction of melt-rich
magma from mush reservoirs. Therefore, in this section we discuss
mechanisms of pre-eruptive mush rejuvenation and explore how these
are expressed in erupted volcanic products.

Mush rejuvenation mechanisms

Mush rejuvenation could occur through mechanisms that are either
internal or external to the reservoir®™®. In the case of rejuvenation by
external recharge, a hot magma is intruded at the base of (or within)
amush and reactivates and weakens the crystal framework through
partial melting'>'**1*>, This external rejuvenation is limited by the
inefficiency of heat transfer*®*” and is strongly dependent on the
composition of the mush and magma; rejuvenationis favoured in wet-
ter, rhyolitic mushes with hotter incoming magma'*. Nonetheless,
there are many examples across diverse tectonic settings in which
mineral chemistry and thermometry indicate that heating has taken
place shortly before eruption. In these cases, eruption is commonly
inferred to have been caused (or immediately preceded) by replen-
ishment of the reservoir by incoming magma, leading to extensive
mush disaggregation'**7*°, Some mushes contain melt-rich layers
fromintrusion'?® or buoyancy-driven porous flow instabilities. In these
cases, mush disaggregation could occur through Rayleigh-Taylor insta-
bilities, which involve the descent of crystal-laden plumes into the
melt-richregion®*"* (Fig. 4a). Additionally, the percolation of exsolved
hotvolatiles through the crystal mush has been suggested to enhance
heat transfer and buoyancy instabilities’*'*¢'%2,

Mushrejuvenation throughinternal mechanisms occurs without
any new magmaticinput or external trigger. For example, enrichment
ofvolatiles through fractionation could lead to nucleation of gas bub-
bles within the crystal framework®’; alternatively a volatile-bearing
mush with melt-rich layers might be intrinsically unstable?®*"50153,
The migration of melt-rich porosity wave instabilities through the
mush could result in a locally increased melt fraction (that is, mush
disaggregation) without requiring any external forcing™"°. In wet fel-
sic systems, reactive melt flow might also increase the mush porosity
enough to unlock the crystal mush and allow eruption”**, Addition-
ally, meltextraction through dyke generationis efficientin crystal-rich
reservoirs™; therefore, mush derived crystal-poor magma can even
forminsystemsinwhich the mushis not substantially disaggregated.
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Any of these internally triggered events, which lead to destabilization
or disaggregation of the crystal mush, could trigger eruptions in which
the remnants of the parental mushes are entrained into the erupted
magmas (Fig. 4b).

Thecrystal cargo

Mushreactivationleadsto theincorporation of crystals that are poten-
tially from differentlocations within amushy reservoir, with different
origins and histories, into erupted magma as crystal cargo™. Geo-
chemicalindicators of mush disaggregation cannot be identified from
whole-rock compositions because the rocks represent a mixture of
diverse crystal cargoes and melt(s). However, the diversity of materials
found in erupted magmas provide petrological evidence for mushy
subvolcanic storage systems. For example, plutonic and cumulate
assemblages, brought to the surface as xenoliths and glomerocrysts
or present in exposed crustal sections, show that crystal-rich mush
zones are present within magmatic systems?®2>¢"5%, Additionally,
disequilibrium mineral textures could indicate crystals that originated
inamushthatunderwent thermo-chemical rejuvenation and were then
incorporated into an eruptible magma (Fig. 4b). These disequilibrium
textures include sieve textured cores and strongly reversed zoning
in crystal rims**?1%°_as well as evidence for peritectic reactions or
metastable phases'®"'”, These crystals are known as ‘antecrysts’ because
they spent most of their history within the mush system but did not
originate from the final erupted magma.

Elemental and isotopic variations within the crystal cargo also
demonstrate the influx of new melt or the transfer of solids into new
chemical environments during crystallization. Such open-system vari-
ationsinclude reverse zoning and trace-element zoning that is incon-
sistent with major-element partitioning, and crystal-scale isotopic
analyses that are not in isotopic equilibrium with the host melt. For
example, observations of the Pb isotopic compositions of sanidine'®’,
in situ Srisotopes in interstitial plagioclase™®, and Hf and O isotopic
and trace elemental compositions of zircon®*'** indicate crystal-scale
isotopic disequilibrium between crystals and host melt, providing
further evidence for open-system processes.

The crystal cargo can be used to calculate the timescales of stor-
age, rejuvenation, or disruption of the mush and the release of free
crystalsinto an eruptible magma (Fig. 4b). Radiometric ages of miner-
als are used to date crystallization times, and the typical pre-eruptive
residence of crystalsin volcanic rocks ranges from thousands of years
(major primocrysts phases) to tens of thousands of years (zircon)'*. In
contrast, methods to quantify rejuvenation timesinclude Ar/Ar dating
of feldspar'®, computational modelling'** and diffusion chronometry.
Diffusion chronometry can be used to investigate various timescales:
from years to hundreds of thousands of years using quartz'* " or
plagioclase*"", hundreds to thousands of years using sanidine'®, years
to thousands of years using clinopyroxene'” or orthopyroxene"',
and minutes to months using Fe-Ti oxides'”*. However, the use of diffu-
sion chronometry requires there to have been sufficient time between
chemical perturbation and eruption for mineral rim growth to occur.
Overall, evidence suggests that the timescales of rejuvenation can be
rapid (daysin many mafic systems or tens of years to thousands of years
inmoresilicic systems).

The timescales deduced from diffusion chronometry commonly
contradict the protracted timescales estimated for the establishment
of the whole magmatic system''*3, This contrast between long storage
timescales and short rejuvenation timescales has been attributed tothe
storage of magma as cold mush™"*?withlittle interstitial melt, although

combined zircon thermometry and geochronology work shows that
some systems have larger melt fractions'. Alternatively, the applica-
tion of diffusion chronometry relies on experimentally constrained
diffusion coefficients; currentlack of agreement between experimental
studies means that diffusion timescales could reflect magmareservoir
build up rather than eruption-related processes'*®'"”". Otherwise, the
apparent disparity in timescales might point towards an additional
externalmechanism for melt extraction, caused by features such as the
regional stress field and/or pre-existing tectonic structures in active
regions such as New Zealand"*'*”*”> and the Southern Volcanic Zone of
the Andes"*"”®, Improving quantitative constraints on temperature
and timescales, for example, through modelling approaches, will help
to understand the storage conditions of magmatic reservoirs within
the crust throughout their lifetimes. Such developments could also
provide an integrated perspective on all the steps involved in mush

rejuvenation’®.

Crystal mush processes and crustal

thermal maturity

Understandingthelifetimes of volcanic systems, patterns of intrusion
and eruption, and the timescales and length scales of melt and crystal
residenceinthecrustis essential to discern the future eruptive behav-
iour of volcanoes. Rejuvenation processes are crucial for allowing the
mush systemto evolve chemically. The prevalence and effectiveness of
mush processes are affected by factors such as the thermal state of the
crust, regional tectonic setting, and the mass and thermal balance of
magma addition through intrusion into the crust. Additionally, mush
processes can be limited by the textural character of the mush frame-
work (Box 1) and the composition of the mush melt(s), which are linked
tothe crustal thermal state. In this section, we review how these factors
affect mushes throughout the lifetime of a crustal volcanic system.

The thermal state of the crust

The thermal state of the crustis controlled by the balance of heat inputs
and outputs. Heat inputs include the intrusion of mantle-derived
melts, release of latent heat'**'?”'”7 and the redistribution of par-
tial melt throughout the upper and lower crust?’%, Heat outputs
include conductive cooling away from the magma, and hydrother-
mal circulation””"”°. The thermal state of the crust therefore primarily
depends on crustal thickness'*’, mantle-derived melt fluxes, regional
tectonics* and the distribution of radiogenic heat-producing species
throughout the crust™'.

Thethermal environmentinthe crust determines the cooling rate
and crystal content of intrusions and governs the amount of time avail-
able for mush processes such as viscous compaction, melt extraction or
porous melt migration. For example, ambient temperatures are higher
inthick crust®, leading to enhanced melt-solid differentiation'*’. Mafic
to intermediate magmatism early in the lifetime of a volcanic system
canthermally prime the crust, extending thermal equilibration times
enough to allow the segregation of evolved melt, leading to the gen-
eration of silicic plutons'2. The thermal environment also affects the
amount of energy available for the assimilation of surrounding crust
or remobilization of older, colder mushes. The thermal maturity of
crust in volcanically active areas will change throughout the lifetime
of the whole volcanic system”*?5°%183 (Fig. 5). Therefore, the efficiency
of mush processesiis likely to vary over those lifetimes, depending on
the thermal state of the crustal reservoir.

The thermal state also affects the textural maturity of the
mush, which is likely to progress diffusively towards an increasingly
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Fig. 5| Conceptual life cycle of a crustal magmatic system. a, The key features,
schematic temperature profile through the centre of the panel (left axis) and
possible textural features of a developing mush (inset) for a thermally maturing
system. The vertical lines represent dykes. The horizontal bodies (dark red)
aresills. b, Asina, but for a thermally mature system in which evolved magma
(orange) is emplaced at mid- to upper-crustal levels. Thick margins denote
colder boundaries. The curving blue arrows indicate hydrothermal circulation.
Older, inactive intrusive bodies are shown in blue-grey. c, Asinb, but fora
waning system. The overall crustal temperature increases and becomes less
localized as systems become thermally mature, leading to widespread mush and

L
Temperature

extensive partial melting and crustal assimilation (yellow regions) in thermally
mature systems. Crystal textures might be unequilibrated in maturing systems,
becoming more equilibrated and more equant following repeated intrusion,
resorption, rejuvenation and recrystallization during thermal maturation,
resultingina complex crystal cargo. Individual intrusions cool quickly in
immature systems but can be maintained for longer periods as the system
matures. The waning system reverts to more localized heat distribution and
lower overall ambient temperatures, but retains some of the complex crystal
cargo and high assimilation rates.

connected melt phase” (Box 1). Long-lived (mature) mush systems
(from 0.1to 10 Myr (refs. 142,143,184)) are expected to tend towards
more mature crystal textures and melt geometries (lower dihedral
angles®). These long-lived systems experience repeated episodes of
heating, resorption and recrystallization”**>'*3 causing the shapes
of crystalsin mushes to evolve towards more equant character, closer
to equilibrium (Wulff) crystal shapes”.

Thermally immature systems. In thermally immature (maturing)
systems (Fig. 5a), each intrusion cools quickly”*>*°. In such systems,
individual intrusion events generate packets of crystal mush that are
short lived. These events produce only limited amounts of extracted
evolved melt"° and cause limited local melting and assimilation of the
crust®™’®? The short-lived mush, less-equilibrated textures and low
overall ambient temperatures of thermally immature crust lead to
limited opportunity for viscous compaction, mechanical rearrange-
mentor porous melt migrationin the early stages of a volcanic system
(the “‘incubation stage’™). Immature or young systems are unlikely to
sustain large upper-crustal magma chambers7%,

Thermally mature systems. The crust can reach thermal maturity
within approximately 1 Myr (refs. 95,110,116,185) for geologically rea-
sonable melt fluxes (Fig. 5b). Thermally mature systems have high
ambient temperature and high melt flux, enabling them to maintain

magmatic systems above the solidus for extended periods of times, per-
haps exceeding10° yr (refs.179,186,187). Texturally mature mush (Box 1)
has smoothly curving grainboundaries and continuous grainboundary
melt films. These features facilitate effective porous melt migration
evenatlowmelt fractions®®'*® and lead to mass transfer, melt differentia-
tionand reactive flow”'*'”, Evidence for these processes hasbeeniden-
tified in the geological record in deep-seated crustal systems'?0%123,
Thermal maturation increases the extent of crustal assimilation, as
indicated by diverse modelling approaches’"°"® and through iso-
topic analysis combined with geochronology of mid-upper-crustal
plutons™®1°,

Many middle to upper-crustal reservoirs receive magmatic inputs
directly from lower crustal mushes'®"”"**? (Fig. 5b), and themselves
represent long-lived silicic mush systems (for example, the Altiplano
PunaMagmaBody’). Some upper-crustal reservoirs beneath compos-
ite volcanoes generate evolved products directly from primitive melt
through along-lived crystal mush''>,

Thermally waning systems. The waning stages of magmatic systems
(Fig.5¢c) areunder-representedintheliterature. Existing research sug-
gests that these systems experience an overall decrease in heat input,
mass eruption rates and magmatic temperatures'***'**, and might
be associated with a return to increasingly mafic volcanism™%'5%%,
Waning systems might also exhibit more assimilation of lower crustal
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cumulates and residual mushes compared with recharge'”>'*®. The
temporal progression of magmatic systems is challenging to investi-
gate becausein plutonicrocks, preserved magmatic structures might
be dominated by the most voluminous or later stages of magmatism;
the magmatic record of melt chemistry might also be progressively

overprinted and masked by later activity'®.

Theregional tectonic environment

Coupled with the thermal structure of the crust, regional tectonics
has an important role in controlling crystal mush development. For
example, extensional tectonics imparts a shear stress on the crust,
whichis thought to drive rapid vertical melt extraction™">""""° Exten-
sionalso perturbs the geotherm, increasing the extent of melting and
allowing the advection of magma into the upper crust”. Conversely,
compressional tectonics inhibit the ascent of buoyant magma through
dyking and therefore enhance magma intrusion'”.

The properties of melts produced vary between cool and wet
(arc) settings compared with hot and dry (extensional or hot spot)
settings. For example, the relationship between temperature and
crystallinity varies with the melt composition and water content,
and determines how long residual melt can persist in the system?”
(Fig. 6). Adrytholeiitic melt could crystallize fully over atemperature
interval of <150 °C, whereas a wet andesitic melt could still contain
melt after 450 °C of cooling (Fig. 6). Therefore, crystal mushin deep
arc crust might persist longer than crystal mush in a shallow oceanic
crust, allowing more crystal-melt segregation, viscous compaction
and assimilation of older mush material. Additionally, water-rich
melt has a lower viscosity than dry melt and is therefore more easily
segregated at a given mush crystal fraction and more likely to form
isolated melt-rich lenses'®. Theimportance of water content extends
to upper-crustal mushes: the ratio of exsolved volatile content to
crystal content impacts whether volatiles are transported through
stable intercrystalline pathways or retained as a dispersed phase.
These transport properties affect the efficiency of outgassing and the
buoyancy of the bulk mush®®, and might modulate the explosivity of
resulting volcanic activity.

Summary and future perspectives

Crystal mushes are a ubiquitous feature of all crystallizing magma
bodies. The physical properties of crystal mushes are defined by their
grain-scale structure and are expected to vary spatially. Mush behaviour
ishighly complex andinvolves nonlinear feedbacks: mushes are char-
acterized by the flow of heat, momentum and chemical species on vari-
ous spatial and temporal scales. Melt migrates within crystal mushes
through pervasive and channelized flow, leading to reactions with
the crystalline framework and dynamic instabilities. Disaggregation
of mushes through pre-eruptive processes generates a crystal cargo
foundinvolcanicrocks. Understanding the properties and behaviour
of crystal mushes is animportant focus for research into volcanic and
magmatic systems.

The permeability and rheology of a crystal mush depend on its
pore-scale to metre-scale characteristics, including the degree of
textural equilibration between crystals and melt. Characterization
of the rheology of mushes with realistic grain shapes and size disper-
sionsisneeded tounderstand the timescales and length scales of melt
extractionand infiltration processes. However, existing theoretical and
experimental work has typically focused on simple, monodispersed
grain shapes, maximally dense grain packings and frictionless sys-
tems. Techniques such as X-ray tomography, numerical modelling and

two-dimensional trace elemental geochemical mapping can directly
characterize how porosity and permeability evolve as natural mushes
crystallize, although discriminating between phases remains challeng-
ing. Thus, efforts toimprove the empirical, theoretical and experimen-
tal characterization of natural crystal packings are needed to robustly
link field observations and textural evidence with physics and chemical
reactivity. Fields such as engineering and metallurgy involve aligned
processes in crystallizing alloys, such as slurry flow and hot tearing.
Engaging with researchers in these fields to apply understanding of
these processes to natural silicate mushes could also help to improve
understanding of crystal mush behaviour.

Mush compaction is highly relevant to the rates of cumulate
formation, mush evolution and the extraction of melt to form
upper-crustal magmatic systems; however, it remains poorly under-
stood. Awide-ranging investigation of varied natural plutonic settings
isneeded toimprove understanding of mush compaction. The onset,
spatial extent and orientation of compaction are likely to depend on
the size, shape and orientation of the crystals in the mush, and the
temperature and longevity of each system. A key goal is therefore to link
chemistry and deformation onlengthscales ranging from grain-scale to
intrusion-scale with the three-dimensional orientation of crystal zon-
ingtextures or crystal defects as defined by techniques such as electron
backscatter diffraction. The relative importance and timescales of
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Fig. 6 | The relationship between temperature and melt fraction. The
dependence of melt fraction on temperature calculated for wet melts (dashed
lines, containing 2 wt% H,0 at the liquidus temperature) and dry melts (solid
lines) using the thermodynamic Gibbs free energy minimization package
MAGEMin?*° with the Thermocalc igneous thermodynamic database".
Fractional crystallization is simulated under quartz-fayalite-magnetite
equilibrium oxygen fugacity conditions at a pressure of 0.5 GPa, using 5 °C
temperature increments and taking the residue as the new bulk composition for
the next step. The andesite, tholeiite and arc basalt starting compositions are
fromref. 202, ref.203 and ref. 204, respectively. Experimental constraints for
tholeiite (dry at 0.7 GPa (ref. 205) and dry at 1.0 GPa (ref. 206)) and arc basalt
(wetat 0.7 GPa (ref.207)) are shown for comparison. Wet mushes retain melt over
much longer temperature intervals than dry mushes.
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Glossary

Adcumulate rocks

rocks dominated by unzoned, interstitial
overgrowths of the primocryst phases
with minimal amounts of trapped pore
material.

Assimilation
the incorporation of surrounding crust
into magma.

Loosely packed mush

a loose aggregate of solid particles
that can be densified if the particles are
rearranged.

Maximum packing

a dense packing of particles that cannot
be densified without deformation of the
particles.

Compaction length scale

the characteristic distance over which
the compaction rate decreases by a
factore.

Percolation threshold

the porosity limit above which
percolative flow can no longer occur
through a porous medium.

Diffusion chronometry

the process of extracting time
information about magmatic processes
from diffusive changes in chemical
gradients.

Force chain

a network of linked particles that
carry more than the average load
inamush.

Primocryst

a crystal formed in the early stages of
fractionation that makes up part of the
crystal mush framework.

Rayleigh number

a dimensionless number that describes
the ratio between thermal buoyancy
and diffusion, and thus the likelihood of
convection.

Glomerocryst

atexturally distinct polycrystalline
aggregate of macroscopic crystals
within a volcanic rock.

Rejuvenation

the mobilization of mushy material
through the addition of heat or changes
in porosity.

Igneous differentiation
any process by which magmas can
change their bulk composition.

Rheology
the study of material deformation
and flow.

compaction, mechanical consolidation and melt extraction could be
investigated by combiningthese petrographic and textural constraints
withisotopic dating and numerical modelling.

Numerical modelling and rheology work emphasize the impor-
tance of larger-scale melt migration features such as porosity waves
and channelization. However, these features are difficult to capture
through petrological analysis and it is unclear whether they are geo-
physically detectable. Understanding of reactive melt migrationisin
itsinfancy, and many open questions remain. Oneimportant question
is whether reactive flow is a fundamental feature of melt transport
and accumulation, or if it predominantly occurs in mush reservoirs
as porosity is decreasing and the system is freezing. Additionally, the
mechanisms, timescales and chemical effects of reactive flow need to
be better constrained to understand the compositional evolution of
melts. Making progress onthese issues demands anintegrated experi-
mental and theoretical (modelling) framework for reactive flow that
canbebenchmarked against natural observations. Developing sucha
framework will require advances in numerical methods for coupling
reactions and transport, and in thermodynamic frameworks that can
capture the full phase equilibria of natural systems.

Crystal mushes span various length scales. Therefore, reservoir-
scale models should be complemented by grain-scale to meso-scale
modelling to capture the full range of complexity in the governing
processes. This development will require numerical schemes that can
link the macro- and microphysics of granular material, as well as diffu-
sive relaxation of elements or isotopes. The outputs from such models
should be integrated with field-based observations and petrology.
Experiments can provide importantinputs to models by constraining
mechanisms and rates of crystal-melt reactions, but multicomponent
thermodynamic frameworks will be needed to ensure that the models
andinsitu geochemistry match. Additionally, case studies of plutonic
and volcanic systems, combining spatially constrained elemental and
isotopic data, can help reconstruct the evolution of porosity and per-
meability asafunction of composition and temperature, and constrain
the length scale and time scale of porous flow.

Pre-eruptive volcanic processes are sampled through disaggrega-
tion of crystalmushinto crystal cargo in ascending magmas, but these
mechanismsare poorly understood. Thereis aneed to explore further
the mechanisms of pre-eruptive mush disaggregation, which could
include a combination of larger-scale fluid dynamical instabilities,
local grain-scale remelting, or melt reaction and infiltration. Scaled
analogue experiments and numerical models would help to constrain
the dynamics of these processes, permitting interpretation of the
timescales of mush storage, rejuvenation and disruption, as defined
through diffusion chronometry in the crystal cargo.

Volcanic systems involve multiple interacting timescales reflect-
ing competing processes across different spatial scales. Crystal mush
processes can be sampled at length scales ranging from tens of kilome-
tres (through geophysical observations, continuum scale numerical
modelling, geological mapping and bulk rock geochemistry) to micro-
metres (using crystal-scale textures, geochemistry and pore-scale
numerical modelling). However, the different length scale of focus for
eachmode of investigation makesitdifficult tointegrate information
acrossdifferent techniques. Thereis aneed tointegrate data obtained
from petrology, geochemistry and advanced geophysical techniques
(such as full waveform seismic inversion) with numerical modelling
and understanding of the dynamics of multiphase granular materi-
als. Combining this information with detailed field and geochronol-
ogy work would improve understanding of the importance of mush
processes across long timescales throughout the life cycle of whole
magmatic systems.

Published online: 3 June 2025
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