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Abstract

The thermal state of a magmasteservoir controls its physical and rheological properties: at
storage temperatures close,to the liquidus, magmas are dominated by melt and therefore
mobile, while at lower temperatures, magmas are stored as a rheologically locked crystal
network with interstitial melt (crystal mush). Throughout the lifetime of a magmatic system,
temperature fluctuations drive transitions between mush-dominated and melt-dominated

eonditions. For example, magma underplating or recharge into a crystal mush supplies heat,
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leading to mush disaggregation and an increase in melt fraction via crystal resorption, before
subsequent cooling reinstates a crystal mush via crystal accumulation and recrystallisation.
Here, we examine the textural effects of such temperature-driven mush reprocessing cycles
on the crystal cargo. We conducted high-P-T resorption experiments during which we
nucleated, grew, resorbed, and recrystallised plagioclase crystals in a rhyolitic melt, imposing
temperature fluctuations typical for plumbing systems in intermediate arc volcanoes (20-
40°C). The experiments reproduce common resorption textures and show that plagieclase
dissolution irreversibly reduces 3D crystal aspect ratios, leading to more equant shapes.
Comparison of our experimental results with morphologies of resorbed-and unresorbed
plagioclase crystals from Mount St. Helens (USA) reveals a consistent trend in natural rocks:
unresorbed plagioclase crystals (found in Mount St. Helens dacite, basalt and quenched
magmatic inclusions) have tabular shapes, while plagioclase crystals with one or more
resorption horizons (found in Mount St. Helens\dacite, quenched magmatic inclusions, and
mush inclusions) show more equant shapesyPlagioclase crystals showing pervasive
resorption (found in the dacite and'mush inclusions) have even lower aspect ratios. We
therefore suggest that crystal mush maturation results in progressively more equant crystal
shapes: the shapes of plagioclase crystals in a magma reservoir will become less tabular every
time they are remabilised and resorbed. This has implications for magma rheology and,
ultimately,.eruptibility, as crystal shape controls the maximum packing fraction and
permeahility of a crystal mush. We hypothesise that a mature mush with more equant crystals
due,to multiple resorption-recrystallisation events will be more readily remobilised than an
immature mush comprising unresorbed, tabular crystals. This implies that volcanic behaviour
and pre-eruptive magmatic timescales may vary systematically during thermal maturation of
a crustal magmatic system, with large eruptions due to rapid wholesale remobilisation of

mushy reservoirs being more likely in thermally mature systems.
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Introduction

Crystal textures in igneous rocks offer a rich record of their magmatic history. The stability
and composition of a mineral phase in a melt depends on magma conditions (i.e., melt
composition, volatile content, oxygen fugacity, pressure and temperature); hence, crystals
dissolve, grow, and diffusively equilibrate in response to changing magmatic environments.
Compositional zonation and resorption horizons in phenocrysts can therefore help reconstruet
up to hundreds of thousands of years of magmatic reservoir dynamics (e.g., Grove etal’,
1984; Chakraborty, 2008; Cooper and Reid, 2003; Dohmen et al., 2017; Coeper,) 2019; Costa
et al., 2020; Petrone and Mangler, 2021) provided that crystal textures ean be robustly
correlated with specific processes (Vance, 1965; Anderson, 1984; Pearce and Kolisnik, 1990;
Ginibre et al., 2007; Rutherford and Devine, 2008; Streck, 2008; Bennett et al., 2019).
However, crystals are not merely passive recorders’of magmatic histories: crystal numbers,
sizes, and shapes themselves affect magma rheology’'and mobility (Lejeune and Richet, 1995;
Caricchi et al., 2007; Mueller et al., 2020; Mueller et al., 2011; Mader et al., 2013; Moitra
and Gonnermann, 2015; Arzilli et'al.; 2022). Crystal shape is a crucial, yet poorly
constrained, parameter affecting the rheological properties of a magma. The crystallinity at
which a magma becomes rheelogically “locked” is commonly described as the maximum
packing fractiomen (e:g:, Mueller et al., 2010; Mader et al., 2013) and is often assumed to be
0.4-0.5 in.medels and conceptual works (e.g., Bachmann and Bergantz, 2006; Huber et al.,
2017; Gelman et al., 2013; Cooper and Kent, 2014). However, ¢m strongly depends on crystal
shape and can vary from 0.1 for very high or low aspect ratios to 0.74 for spheres (Mueller et
al., 2010, 2011; Mader et al., 2013). Crystal morphology is therefore a key variable
controlling whether an interlocking crystal mush will form in a crystallising magma reservoir,
and, in crystal-rich systems, how easily (and rapidly) the crystal mush can be unlocked.

Hence, to better understand magma reservoir dynamics, it is important to determine crystal
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shapes in magma reservoirs and their sensitivity to common magmatic processes. Here, in
light of the abundance of resorption horizons and overgrowth in most igneous crystals, we
experimentally examined the effects of resorption and recrystallisation on plagioclase crystal
shapes. Experiments were designed to study plagioclase growth and resorption under
magmatic conditions approximating storage beneath intermediate arc volcanoes such as
Mount St. Helens, Washington, USA (MSH). Experimental crystal morphologies werethen
compared to a new database of plagioclase shapes in MSH rocks, including a dacitesfrom the
1982 lava dome, a Castle Creek age basalt, and a range of mush inclusions‘and quenched
magmatic inclusions (QMI). Our work suggests that resorption reduces.crystal aspect ratios,
and this maturation of the crystal cargo facilitates mush remobilisation and formation of an

eruptible magma.

Terminology

Resorption: Congruent dissolution of a crystal. Unless otherwise specified, the terms
resorption and dissolution are used intérchangeably in this work. Surficial resorption is the
focus of this study and refers to dissolution of the exterior of euhedral crystals producing
rounded or embayed crystals; minor dissolution surfaces within crystals reflect surficial
resorption events earlier in the crystal growth history (Fig. 1a). Pervasive resorption refers to
extensive dissolution affecting crystal interiors and obscuring original crystal shapes (Fig.
1b). This includes sieved, dusty, boxy-cellular, and spongy-cellular textures (Streck, 2008),
but also deep’embayments and dissolution along twinning planes.

Crystalsshape: The 3D shape of a crystal, expressed as the 3D short/intermediate growth
dimensian ratio (S/1). This 3D shape factor can be accurately determined using 2D
intersection widths and lengths and the 2D-to-3D projection software ShapeCalc (Mangler et
aly2022). Crystals with low S/I (i.e., S<<I) are tabular (i.e., book-shaped) and typically
show high aspect ratios in 2D (Fig. 1c). Crystals with high S/1 (i.e., S=I) are typically equant
in 2D cross-sections and are here referred to as having low aspect ratios (Fig. 1d). The terms

shape and morphology are used interchangeably in this work.
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Crystal texture: Morphological characteristics (e.g., shape, size, and zoning) of a crystal or
crystal population. Note that textural and compositional characteristics are often correlated
(i.e., zoning).

Mush maturity: As a concept alternative to ages, mush maturity describes the number of
individual events that have disturbed the system and resulted in resorption and
recrystallisation. Such events may be driven by punctuated heating events, convective self-
mixing (Couch et al., 2001), influx of fresh magma or volatiles, or extraction of material
during eruptions, and they are collectively termed remobilisation events in this work. Note
that resorption and recrystallisation can also occur in situ, i.e., without the mush being
remobilised, for example via reactive porous flow (e.g., Boulanger and France, 2023).
Surface roughness: The topographic relief of the crystal surface at length scales >1um; i.e.,
the amplitude deviation from a corresponding smooth crystal facet=Surfaee roughness is
expressed as the ratio of 2D crystal perimeter and 2D crystal area,normalised to an
unresorbed crystal.

Interface roughness: The structure of the crystal surface on an atomic level (Kossel, 1927,
Stranski, 1928; Hartman and Perdok, 1955; Jacksan,”1958; Kirkpatrick, 1975; see Sunagawa,
2007 for a summary). A smooth interface has’amatomically flat surface with few steps; a
rough interface is characterised by a high-density of kinks and steps. Interface roughness
varies across different faces of a crystal.\Since steps and kinks have lower attachment
energies than flat surfaces, the degree of interface roughness controls crystal growth

mechanisms and rates.

Magma storage heneath Mount St. Helens

Mount St. Helens voeleano was chosen as a case study to compare with our experiments
because t is.one of the most studied examples of arc volcanism, and its plumbing system
architecture and dynamics are relatively well understood (e.g., Sherrod et al., 2008). In brief,
crystal compositions and textures have been used to reconstruct a deep, mafic to intermediate
mush zone hosting geochemically diverse magma batches (Blatter et al., 2017; Humphreys et
al., 2019; Wanke et al., 20194, b; Keller et al., 2024), and a heterogeneous mid- to upper-
crustal mush zone which is frequently disrupted, partially digested and hybridised by magma

recharge (Gardner et al., 19954, b; Pallister et al., 2008; Rutherford and Devine, 2008;
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Claiborne et al., 2010; Cashman and Blundy, 2013). Thermal storage histories of plagioclase
crystals at Mount St. Helens, derived from U-series disequilibria and diffusion chronometry
(Cooper and Reid, 2003; Cooper and Donnely, 2008; Schlieder et al., 2022), indicate that a
significant proportion of crystals was stored for >10 kyrs at relatively low temperatures of
<750°C (i.e., in a crystal mush, Cooper and Kent, 2014), punctuated by short periods at
elevated temperatures (i.e., in a melt-dominated, eruptible state). This view is consistent with
textural studies (Berlo et al., 2007; Streck et al., 2008; Cashman and Blundy, 2013)which
suggest that temperature fluctuations are the primary cause for abundant suxficial and
pervasive resorption textures, such as dissolution surfaces within crystals (Fig. 1a) and
cellular crystal cores (Fig. 1b). Temperature fluctuations have been described by Cashman
and Blundy (2013) as the “inevitable consequence of inctemental, or pulsed, assembly of
crustal magma bodies wherein each pulse interacts'with'ancestral, stored magmas.” Based on
their petrological models, Cashman and Blundyy(2013) inferred the magnitude of the
temperature fluctuations in the magmaceservoir beneath MSH to be on the order of 20-40°C.
Importantly, textural evidence formixing between mafic and evolved magmas at MSH is
relatively rare, and it has been-described as a chemically closed system (Cashman and
Blundy, 2013). Temperature-fluctuations are therefore likely to be a key driver of crystal

maturation during.storage at MSH.

Previtus,experimental work on crystal textures in magma
reservolrs

Phase equilibrium experiments have constrained the effects of melt composition, temperature,
pressure, and H>O content on mineral composition and stability (e.g., Geschwind and
Rutherford, 1992; Sisson and Grove, 1993; Gardner et al., 1995a; Panjasawatwong et al.,
1995; Danyushevsky, 2001; Kohut and Nielsen, 2003; Blatter et al., 2017; Waters and Lange,

2017), and progress has been made in understanding late-stage mineral breakdown and
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crystallisation during ascent and emplacement through decompression and cooling
experiments (e.g., Lofgren, 1974; Nelson and Montana, 1992; Rutherford and Hill, 1993;
Hammer and Rutherford, 2002; Martel and Schmidt, 2003; Kohut and Nielsen, 2004; Shea
and Hammer, 2013; Riker et al., 2015; Waters et al., 2015; Giuliani et al., 2020). However,
experiments studying crystal textures that form in response to temperature, pressure and

compositional variations representative for magma reservoir dynamics are relatively rare.

A particular focus of previous experiments was to reproduce sieve textures in plagioclase,
which was achieved by melting of plagioclase crystals in air (Tsuchiyama and Takahashi,
1983) by immersing crystals in basaltic melts (Lofgren and Norris;1981) or synthetic Di-Ab-
An glasses (Tsuchiyama, 1985; Nakamura and Shimakita, 1998),'and by basalt-gneiss
assimilation experiments (Castro, 2001). All studies predueed similar sieve textures;
however, contrasting formation mechanisms were(preposed. Tsuchiyama (1985) suggested
incongruent melting of plagioclase, whereas Nakamura and Shimakita (1998) rejected this
hypothesis, as it would require unrealistically high diffusion rates in plagioclase, and instead
suggested congruent melting and reerystallisation. The textures produced in these
experiments resemble typical bexy-cellular textures observed in natural rocks including
MSH, which led Cashman and Blundy (2013) to follow Tsuchiyama (1985) to explain the
boxy-cellular corgs-at MSH. However, the origin of boxy-cellular textures remains disputed,
with otherworkers suggesting they are the result of rapid, skeletal growth of anorthite (An)-
rich/plagioclase and subsequent infill of the voids with lower-An plagioclase (Berlo et al.,
200%; Streck, 2008). In any case, experiments to date do not faithfully reproduce proposed
magmatic conditions and processes at MSH, as they did not only vary temperatures but also
used variable, predominantly mafic host melt compositions. This may explain why the

experiments routinely produced pervasive resorption textures, but less so the more subtle
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surficial resorption features typical of many MSH plagioclase crystals (Fig. 1a), which are the
primary focus of this study.

Another subject of interest in many petrological studies is the origin of oscillatory zoning
(e.g., Pearce and Kolisnik, 1990; L’Heureux and Fowler, 1996; Ginibre et al., 2002). At least
two types of oscillatory zoning were previously identified, one of which features resorption
surfaces related to oscillations, indicating magma reservoir dynamics as a driving factor
(Ginibre et al., 2002). However, oscillatory zoning in plagioclase has only beenproduced in
one slow cooling experiment by Lofgren (1980) and has not been achievedssince. Allégre et
al. (1981) suggested that relatively large undercoolings and short run durations preclude

development of oscillatory zoning under experimental conditions.

To date, no experiments have focused on reproducing thesabundant dissolution surfaces
found in many igneous crystals under natural magmatic conditions. While temperature
cycling experiments have been conducted using alkali basalt (Mills and Glazner, 2013), high-
Mg basalt (Marxer et al., 2022), and dacite (Erdmann and Koepke, 2016), these studies
focused on melt pool enlargement and crystal coarsening effects, and they did not discuss
crystal shapes or internal textures. Here, we ran unseeded, isobaric, closed-system heating
and temperature cycling experiments using a hydrated rhyolitic melt to study whether
temperature fluctuations typical for the MSH magmatic system can reproduce common

surficial résorption textures in plagioclase.

Experimental design

Experiments were designed to reproduce typical magmatic plumbing system processes, i.e.,
plagioclase crystals grown in a water-saturated silicic melt are exposed to a short-lived
temperature increase of 20-40°C. Experiments were conducted at 150 MPa in rapid-quench

cold-seal pressure vessels (CSPV) at the University of Durham (UK) using a hydrated Fe-free
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rhyolitic starting glass (72.3 wt. % SiO2, 16.0 % Al>03,5.25 % Na20, 2.91 % K:0, 1.99 %
Ca0, 0.67 % MgO, 0.61 % TiO2, 0.1 % P.Os) to approximate interstitial melt compositions at
dacitic arc volcanoes. An iron-free composition was chosen as it is insensitive to fO2 and to
ensure that plagioclase is the dominant near-liquidus mineral phase, which allowed us to
study the effects of resorption on plagioclase morphology without interference by other
phases. Hence, the experiments do not strictly reproduce the MSH mineral assemblageithey.
do, however, facilitate the study of plagioclase dissolution and growth Kinetics at conditions

approximating magma storage at intermediate arc volcanoes.

The starting glass was synthesised using reagent-grade oxides and-carbonates, and hydrated
under experimental starting conditions to ensure water saturation'(~5"wt.% H-0), following
Mangler et al. (2023). The liquidus of the water-saturatedstarting glass is 890 + 10°C at the
experimental pressure of 150 MPa (Mangler et alg 2023), with plagioclase being the liquidus
phase. About 30 mg of hydrated starting glass chips were loaded into AugoPd2o capsules of
~15 mm length and 2.6 mm inner diameter; an additional 3 puL MilliQ® ultrapure water was
added to the capsule to maintain«water saturation during heating experiments. The use of
glass chips instead of powder limits nucleation and favours fewer, larger crystals (Mangler et
al., 2023). The capsules were weighed, welded shut using a Lampert PUK 5.1 arc welder,
heated at 110°C for30'min and weighed again to check for leaks. Capsule masses were also
recorded pest=experiment, with any that showed mass changes of >+1 mg assumed to have
leaked and therefore discarded. For each experiment, one capsule was loaded into high-
perfermance INCONEL 713LC autoclaves. The CSPV assembly was pressurised using water
as pressurising medium and the furnace heated to experimental temperatures before inserting
the capsule into the hot zone of the furnace, establishing experimental starting conditions of
870°C and 150 MPa in the sample within seconds. Temperature was monitored using an N

type thermocouple (located <5 mm from the centre of the capsule; £2.2°C accuracy) and
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controlled remotely via a Eurotherm nanodac controller, and pressure was monitored with a

WIKA digital pressure transducer (reproducibility <1 bar).

Each experiment was held at 870°C (i.e., an undercooling AT of 20°C) and 150 MPa for one
week (168 hours) to grow plagioclase crystals (Fig. 2). Afterwards, temperature was
increased to 890°C (AT = 0°C; 23-CSB-04), 900°C (i.e., a superheating of AT =-10°C; 23~
CSB-03), and 910°C (AT = -20°C 23-CSB-07), respectively. The temperature increase of 20-
40°C was achieved within 15 minutes, during which pressure was manually adjustedto
remain stable at 150 MPa. Each experiment was held at respective elevated temperatures for
another 168 hours before quenching, which was achieved by pulling thecapsule into a water-
cooled sleeve (12°C). In one experiment (23-CSB-05), an additional’step was introduced to
complete a 30°C temperature cycle: the temperature wasreturned to its initial conditions of
870°C for another week after being held at 900°C{for-168 hours (Fig. 2). A baseline
experiment (22-CSB-03) was quenched after the'first 168 hours at 870°C to establish the
textural characteristics of the initial plagioclase population; this experiment has previously

been described in Mangler et al.4(2023).

Analytical meth0ods

Scanning electronspiCroscopy

Experimental run‘products were surveyed using a polarising microscope before mounting in
EpoFix epoxyresin for scanning electron microscope (SEM) analysis. Back-scattered
electron(BSE) maps of each experimental charge were acquired at Durham University on a
Hitachi SU-70 field emission scanning electron microscope, using 15 kV accelerating
voltage, 15 mm working distance, 40-60 ps dwell time, and 300-2500x magnification,
depending on crystal size and number density. Single BSE images were montaged into larger
maps using Oxford Instruments’ AZtec® software. In addition to experimental run products,

BSE images were acquired of eight MSH samples (a 1982 dome dacite, a Castle Creek age
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basalt, three dacite-hosted quenched mafic inclusions and three dacite-hosted mush

inclusions) for comparison of plagioclase textures.

Plagioclase, melt inclusion, boundary layer, and host glass compositions (Si, Al, Fe, Mg, Ca,
Na, K, Sr) were measured by energy-dispersive X-ray spectroscopy (EDS) using an Oxford
Instruments X-Max™ 50 mm? Silicon Drift Detector mounted on the Hitachi SU-70.
Quantitative EDS analysis is achieved using a standardisation database pre-installed-in
AZtec® (Pinard et al., 2020) with an energy calibration performed on a pure element™Mn
standard, and a beam calibration performed on a pure element Cu standard. Spot analyses
were acquired with a livetime of 10s, process time of 3, and energy.range of 20 keV; line
measurements were acquired using the same conditions and a livetime of 70s. The spatial
resolution of EDS analyses is ~1 um?, which is smaller-than the size of the textural features
studied in this work. Standard errors of EDS analyses-are’<5% for major elements; analysis
of secondary plagioclase standards (Smithseniandabradorite NMNH 115900 and anorthite
NMNH 137041) yielded a reproducibility of +1.5 mol% An and mean An values within 3.5
mol% of the accepted values and (2*SD; Supplementary Material S1.2).

Textural analysis

All crystals fully enclosed on BSE maps (npiag = 125-613) were manually outlined using
image processing seftware ImageJ (Schneider et al. 2012). Crystal intersection areas and
perimetersaswell as 2D intersection lengths (I) and widths (w) were extracted using
ImagelJ’s,best fit ellipse algorithm. For Mount St. Helens samples, plagioclase crystals that
were-clearly xenocrystic or severely intergrown were omitted, and in 1982 dacite sample
MSH90-9, crystals >100 um length were targeted because smaller crystals are related to
ascent-driven crystallisation (Mangler et al., 2022), which is not the focus of this study. For

MSH 1982 dacite samples MSH90-9, aspect ratios of crystal cores and mantles were
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determined using line measurements in ImageJ, which yields results directly comparable to
data derived from outline measurements (Mangler et al., 2022).

Average crystal volume in a sample is calculated following Mangler et al. (2023) as

A 3

plag

Vplag,av - n 3
plag

where Ap,q4is the total area of ny,;,, crystals measured in the sample. Crystal shapes.were
estimated from 2D | and w data using 2D-to-3D projection software ShapeCalc/(Mangler et
al., 2022). Crystal morphologies are expressed as the ratio of 3D short/intermediate crystal
dimensions (S/1), since 3D crystal length (L) is poorly constrained by 2D intersection data
(Higgins, 2000). Surface roughness is expressed as the ratio of 2B crystal perimeter and 2D
crystal area and is reported normalised to the mean value<for the'unresorbed crystals of static
experiment 22-CSB-03. Plagioclase textural data are;reported in Supplementary Material
S1.1 for experiments, and in Supplementary Material S2.1 for MSH samples.

Electron microprobe analysis (EPMA)

Major element (Si, Al, Ca, Na, K) and selected minor element (Ti, Fe, Mg) concentrations in
MSH plagioclase crystals were-analysed using a Cameca SX100 electron microprobe at the
University of Edinburgh. Analyses were run at an acceleration voltage of 15 kV, a beam
current of 10 nAt(except for Ti, which was analysed in a second stage using a beam current
of 100 nA);-and=a 5 um beam. Peak counting times were 20 s for all elements except Fe (40
s), and background counting times were 50% of peak counting times. Sodium migration was
notobserved during the first 20 seconds of beam exposure at the chosen conditions, hence Na
was measured at the beginning of each analysis. Raw data were calibrated using internal
mineral standards including Jadeite (Na, Si), Spinel (Mg, Al), Wollastonite (Ca), Orthoclase
(K), Fayalite (Fe), and Rutile (Ti). Repeat measurements of an internal labradorite standard

conducted throughout the session yielded a relative variability of <3 % (2SD) for major
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elements and 8-17 % for minor elements (Supplementary Material S2.2). These values are
similar to the relative instrumental standard errors. The accuracy of major element analyses is
characterised by relative deviations of <3% from recommended values for USGS reference
basaltic glass BCR-2g (Supplementary Material S2.2).

Laser ablation ICP-MS analysis (LA-ICP-MS)

Trace element concentrations in MSH plagioclase crystals were determined by laser ablatien
ICP-MS using a ThermoFisher Element 2 and an iCAP QQQ ICP-MS coupled witha
Teledyne Analyte Excite+ 193 nm laser ablation system. Analyses were made in situ on the
same polished thin sections used for EPMA analyses. Each crystal analysed by LA-ICP-MS
was also analysed using EPMA, such that major and trace element concentrations could be
coupled and LA-ICP-MS data normalised using accurate.**Ca (or 2°Si) values. Ablation was
conducted using square spot sizes of 30 x 30 um (MSH=22-56), 40 x 40 pm (MSH90-9) and
50 x 50 um (all other samples), with an 8 Hzdaser repetition rate and 4 mJ pulse energy.
Samples were ablated in a helium atmosphere comprising 0.5 L min™ to the main sample
chamber and 0.3 L min™ to the sample cup, giving a total sample carrier gas volume of 0.8 L
min-1. This was mixed with approXimately 1 L min™* Ar as the sample entered the ICP torch.
The Ar gas flow rate and torch sampling depth were adjusted to achieve high instrumental
sensitivity whilesmaintaining a U/Th ratio close to 1. Samples were ablated for 30 s with
backgrounds.measured for 30 s before and after each analysis. Analytes and dwell times were
“Li (0:01s)%**Mg (0.01s), 3P (0.01s), “3Ca (0.005s), **Ca (0.005s), “8Ti (0.05s), 5Mn, 5’Fe
(0%01s), ®3Cu (0.01s), %Zn (0.01s), ®°Rb (0.01s), 88Sr (0.01s), $*'Ba (0.01s), 1*La (0.1s), 14°Ce
(0.1s),**Pr (0.1s), **°Nd (0.1s), *3Eu (0.1s), and 2%Pb (0.05s). Instrumental standard errors of
individual analyses are typically 10-20% (Supplementary Material S2.2). Primary (internal)
calibration was performed using USGS reference glasses GSD (for MSH90-9 and MSH-22-

56) and BCR-2G (for all other samples). Instrumental drift was monitored using NIST 612

$20z 1snBny £z uo 1senb Aq £609¢///8800e69/AB0j0119d/E601 "0 /10P/8|01iB-80UBAPE/ABOj0.)0d/ W02 dNoolWepeoe//:sdiy Wo.) papeojumMoQ



332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

and NIST 610 glass standards. Secondary standards were BCR-2G and StHs-G (MSH90-9)
and BHVO-2G (all other samples) and they were run repeatedly throughout the sessions.
Relative standard deviations of repeat analyses are generally 6% or less (total range 3.3 — 12
%), and secondary standard analyses generally fall within 6% of accepted values

(Supplementary Material S2.2).

Experimental results

Effect of temperature increase on crystal textures and compositions

Plagioclase crystals grown from the hydrous rhyolite melt at 150 MPa and-870°C (AT =
20°C) have a mean 2D intersection length of 38 um and show a tabulat, morphology, with 2D
aspect ratios of ~1:4 under the microscope (Experiment 22-CSB:03; Table 1, Figs. 3a, 4 and
5a; see also the clear mode at w/l = 0.24 in Fig. 4). By contrast, crystals in the heating
experiments show dissolution textures which affect¢heir morphologies. Temperature increase
to liquidus and super-liquidus conditions results in"smaller, more rounded, and less tabular
crystals, the effects becoming more pronounced as the heating interval increases (Figs. 2-5;
Table 1). Specifically, mean crystal lengths reduce by 35% after one week at the liquidus
(890°C; 23-CSB-04), by44% after one week at 900°C (23-CSB-03), and by 66% after one
week at 910°C (23-€CSB-07; Table 1, Fig. 5a). At the same time, crystals become less tabular:
After a week-at 890°C and 900°C, an increased number of crystals show 2D aspect ratios of
1:2.5 to4:3 (secondary peaks at w/l =0.35-0.4 in Fig. 4). After a week at 910°C, the majority
of crystals show 2D aspect ratios of 1:2.5 (mode at w/l = 0.4), even though many crystals
retain the shapes of the original crystal population (w/l = 0.25; Fig. 4). Frequency
distributions are generally flatter for higher temperatures, reflecting an increasing variety of
crystal morphologies. Nonetheless, projection of 2D w/l frequency distributions to 3D crystal

shapes using ShapeCalc (Mangler et al., 2022) also traces the reduction in crystal aspect
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ratios, with S/I increasing to S/1 = 0.29 £ 0.03 after one week at 890°C, S/I = 0.28 £ 0.04 after

one week at 900°C, and S/I = 0.36 + 0.05 after one week at 910°C (Table 1, Fig. 5b).

Back-scattered electron (BSE) images show clear evidence for increasingly diverse crystal
morphologies (Figs. 3 & 6). Plagioclase crystals in the static experiment are generally
euhedral, although some crystals show melt inclusions along twinning planes (Fig. 3a; cf.
Brugger and Hammer, 2015), which suggests melt entrapment during rapid growth, At
elevated temperatures, surficial resorption of crystal facets results in more rounded-Crystals
and an increasing macroscopic surface roughness as temperatures increase (Rigs. 3 & 5¢).
Pervasive resorption leads to the disintegration of the original crystals grown at 870°C,
predominantly along growth twinning planes (Fig. 3b-d), and some ¢rystals also show
embayments extending deep into their interiors (Fig. 6b)™ By contrast, sieved, dusty, boxy-
cellular or spongy-cellular textures are not observed in our experiments. It is striking that not
all crystals are affected equally by resorption‘proeesses, with some crystals showing minimal
dissolution features whereas other crystals in the same experiment are clearly resorbed (Fig.

3).

In terms of mineral compositions; plagioclase shows variability for each experiment,
including the staticgrowth experiment 22-CSB-03, and average values overlap (Anss.a2; Fig.
5; Table 1; Supplementary Material S1.2). However, the experiments that saw an increase in
temperature-show higher compositional variability and higher average An contents than the
static experiment (Fig. 6). High-contrast BSE images reveal that resorbed crystals show
domains of varying An contents, with more anorthitic domains often associated with melt
inclusions (Fig. 6b & c). Moreover, resorbed crystals show thin rims (typically 1-2 pum) of
more anorthitic compositions (<Anase; Figs. 5d & 6; Table 1); the difference between average
crystal An concentrations and maximum observed rim An concentrations increases from

AXan = 5 for a temperature increase of 20°C to AXan = 12 for a temperature increase of 40°C
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(Fig. 5d). Finally, resorbed plagioclase crystals are surrounded by boundary layer melts,
which are typically 2 um (and up to 3.5 pum) wide and often show elevated Al>Os, CaO, and

CaO/Na,0 relative to ‘far-field” glass at greater distances from crystals (Fig. 7; Table 1).

Effect of temperature cycling on crystal textures and compositions

Temperature increases in magma reservoirs will inevitably be followed by cooling. To
reproduce such a temperature cycle, one experiment (23-CSB-05) was cooled back/downto
initial growth conditions after one week at 900°C and held at 870°C for another-week. This
temperature cycling experiment resulted in zoned crystals whose lengths andwsurface
roughness approached those of the static experiment 22-CSB-03 (Fig. 8a,&c; Table 1).
However, 3D crystal shapes in the cycled experiment are less.tabtlar than in the static
experiment, with S/I aspect ratios identical to the experiment that was quenched directly after
the 900°C step (23-CSB-03; Fig. 8b). This indicatesthat; in contrast to crystal length and

surface roughness, crystal shape is not reset{to pre-resorption aspect ratios during overgrowth.

Crystal zoning in the cycling experiment,js strikingly complex (Figs. 9 & 10; Table 1).
Resorbed cores (Ansrss) are surrounded by thin anorthite-rich bands (Anaasse) of varying
width (0 - 5 um), followed by<50 um wide mantles of variable, intermediate An contents
(Anszs-40) containingiabundant melt inclusions (Figs. 9a & b). Complex zoning features in
plagioclase bands often result in a patchy appearance (Fig. 9a), and some crystals even appear
to showtworresorption horizons (Fig. 9¢), though we interpret this to be the result of 2D
sectioning effects. Crystals are commonly intergrown, with zoning patterns indicating that
tatergrowth occurred at various stages of the experiment: some intergrown crystals show
touching cores with melt inclusions at the interface, indicating that they aggregated before or
during the temperature increase (Figs. 9c & 10a); other crystals had already started growing
mantles before they impinged on each other, suggesting intergrowth during the cooling step

of the experiment (Fig. 9a). Moreover, crystals often show more than one core in 2D section.
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In many cases, separate cores likely reflect crystal disaggregation at elevated temperature
(Fig. 10c). In other cases (e.g., Fig. 10b), it is unclear whether these cores are originally
separate crystals which were conjoined during cooling-driven overgrowth, or whether they
represent 2D intersections of a single crystal with a highly irregular resorbed core. Towards
the rims of the zoned plagioclase crystals, compositions approach those of the cores grown at
870°C during the first week of the experiment (Fig. 9a), which suggests a return to

equilibrium conditions during cooling.

Analysis of resorption experiments

Plagioclase dissolution reduces crystal aspect ratios

Our heating experiments clearly trace a progressive change-ifrerystal shape and size during
resorption (Fig. 5). This demonstrates that plagioclaseldissalution affects different crystal
faces differently and, on average, modifies crystal morphologies towards more equant shapes.
It is not surprising that dissolution is anisotrepic, as both growth and dissolution kinetics
depend on the surface energy o of aerystal facet (e.g., Lasaga, 1998). Since high-energy
crystal surfaces are energetically unfavourable, their surface area tends to be minimised
during crystal growth asdower-energy surfaces outgrow them. As a result, high-energy
surfaces tend to form the,smallest facets of a crystal in the direction of fastest crystal growth
(i.e., they define the 3D longest dimension). During dissolution, the same high-energy facets
will show the highest dissolution rates, as this presents the most effective pathway to reduce
the ‘overall surface energy of the crystal. Dissolution kinetics are further accelerated by the
relatively higher density of kinks and steps (Hartman and Perdok, 1955) of the high-energy
surface, which reduces the activation energy for dissolution (Lasaga and Littge, 2004). As a
result, the longest crystal dimension dissolves faster than other dimensions, leading to a
decrease in 3D aspect ratio. The degree of resorption and shape change increases with the

heating interval (Fig. 5), i.e., the extent of disequilibrium imposed on the system. However, it
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is noteworthy that crystal morphologies do not evolve towards their thermodynamic
equilibrium shapes (i.e., the shape that minimises the total free surface energy) during
dissolution or growth because kinetics control the process, as suggested by Gibbs (1878) and
confirmed by ab initio mechanistic models of crystal growth and dissolution rates (Snyder

and Doherty, 2007).

A key observation in the heating experiments is that dissolution does not affect all crystals
equally: some crystals in our experiments are severely affected by resorption, Whilst &
neighbouring crystal might show relatively little evidence for resorptionAe.gy, Fig. 3c).
Similarly heterogeneous dissolution kinetics and morphologies have been.observed and
modelled in low-temperature mineral-fluid reaction studies (e.g., ‘kasaga and Lttge, 2004;
Zhang and Luttge, 2009; Fischer et al., 2012; Pollet-Viltard et al., 2016). Following their
work, we suggest that the extent and nature of resorption’(at given magmatic conditions) is
controlled by nm to um-scale variations in grystal surface reactivity (cf. Littge et al., 2013;
Fischer et al., 2014). Surface reactivity,correlates with interface roughness: surface domains
with a high density of kinks andssteps (Hartman and Perdok, 1955), such as discontinuities
and defects (i.e., impurities, distocations, and point defects), have higher reactivities and will
therefore dissolve faster than surfaces with a lower density of reactive sites (Blum and
Lasaga, 1987; Arvidson et al., 2003; Lasaga and Luttge, 2004; Fischer et al., 2014; Noiriel et
al., 2019;2020)"For example, Lasaga and Lttge (2001) demonstrated the role of screw
dislocatigns in controlling crystal surface dissolution via the formation of etch pits and steps.
Thisframework of surface defects as a driving force for resorption is consistent with
observations of resorbed plagioclase crystals in this study, which show abundant evidence for
dissolution focused on features with a higher number of defects, i.e., cracks, growth twinning
planes and grain boundaries (Figs. 3, 6, 9, 11a). The observed overall increase in crystal-scale

surface roughness with progressing resorption (Fig. 5¢) is also consistent with findings from
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other mineral dissolution studies (Noiriel et al., 2019), who attribute the increase in surface
roughness to pit formation. As etch pits grow, they can coalesce (Lasaga and Littge, 2001;
Arvidson et al., 2003; Littge, 2005), which may lead to the formation of macrosteps (Noiriel
et al., 2020) and embayments such as those seen in Fig. 6b and Fig. 11b. While these studies
consider aqueous systems rather than magmas, we suggest that the variability of crystal
shapes in our resorption experiments is consistent with a control by initial crystal shapesand
distributions of surface defects. In addition, morphological evolution during resorptien-has
been found to depend on initial crystal size and saturation state (Zhang and\L ittge, 2009),
with smaller crystals and, counterintuitively, close-to-equilibrium conditions resulting in
more pronounced shape changes. Finally, localized changes in melt chemistry (e.g., due to
plagioclase dissolution) result in variable plagioclase saturation,states on a small length scale,
which ultimately control dissolution and growth kinetics:,Such local variations in melt
composition are primarily induced by plagioelase dissolution and growth (see below), though
some of our experiments also crystallised small’'amounts of amphibole, biotite,
clinopyroxene, and titanite (Supplementary Material S1.1), which could affect local melt

chemistry.

In summary, despite the variability of individual crystal shapes in our resorption experiments,
crystal populations-as.a whole display a clear trend towards progressively more equant crystal

shapes androugher surfaces during resorption.

Rlawgioelase dissolution and growth from boundary layer melts at elevated

temperatures

Dissolution of plagioclase results in the formation of a boundary layer melt enriched in CaO
and Al20Os3 (Danyushevsky et al., 2001), and the resulting increase in melt Ca/Na surrounding
the crystals has been suggested to lead to overgrowth of dissolution surfaces by higher An

plagioclase (Streck, 2008). Indeed, boundary layer melt compositions in our experiments, i.e.,
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experimental glasses within ~3.5 um of partly dissolved plagioclase crystals, often show
elevated Ca/Na ratios (CaO/Na20 <1.2; Fig. 7; My in Fig. 11b) compared to ‘far-field” glass
further from the crystal-liquid interface (CaO/Na2O = 0.3-0.5; Fig. 7; Mo in Fig. 11; Table 1;
Supplementary Material S1.2). The average boundary layer melt composition for the
experiment held at 900°C (23-CSB-03) corresponds to a modelled liquidus temperature of
~955°C under water-saturated conditions (Rhyolite-MELTS v.1.2.x; Gualda and Ghiorso,
2015). This suggests moderate undercoolings of ~50°C at the crystal-melt interface,which
would favour crystallisation of a higher An plagioclase rim, as observed in“eur experiments
(Fig. 7; Ply in Fig. 11b). The width of the rims in the heating experiments varies between 0
and 2 um within single crystals, with some domains of the crystal core surfaces completely
lacking high-An overgrowth, such that the high-An rim_ does not generally alter crystal shapes
(Figs. 6, 7 & 11b). The localised extent of recrystallisation’of the dissolved plagioclase is
likely controlled by two factors:

(1) Dissolved plagioclase constituents will’be transported away from the crystal-melt
interface via elemental diffusion) which will result in a less enriched boundary layer,
especially at slow disselution rates and high temperatures. Similarly, convection of
crystals in the melt'er-melt advection may disrupt the boundary layer and bring crystal
surfaces iato contact with fresh, lower Ca/Na melt. Both cases would result in
reduction or even minimisation of the undercooling at the crystal surface, which
would suppress crystallisation. The wide range of boundary layer melt compositions,
which covers the entire range of Ca/Na ratios between far-field glass and plagioclase
cores (Table 1; Supplementary Material S1.2), suggests that a combination of melt
diffusion, crystal transport, and melt advection is effective in the experiments. The
surface morphologies of the resorbed crystals likely influence how effectively these

processes operate on a um-scale.
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(2) At low to moderate undercoolings, crystal growth is controlled by the availability of
nucleation sites (Fletcher, 1958; Chernov, 1984; Liu, 2002). Because kinks and steps
(Hartman & Perdok, 1955) on the crystal surface have lower attachment energies than
flat surfaces, rough interfaces will grow more readily than smooth interfaces at the
undercooling conditions inferred for our boundary layer melts (AT ~50°C). The
presence or absence of a high-An overgrowth in our experiments may therefore
depend, in part, on the local interface roughness.

Plagioclase dissolution kinetics have previously been attributed to NaSi-CaAl diffusion in the
crystals and incongruent melting of Ab and An components (Tsuchiyama, 1985). However,
numerous studies have since concluded that plagioclase dissolution @ccurs via congruent
dissolution and recrystallisation (Wark and Watson, 1993; Johannes et al., 1994; Hammouda
et al., 1996; Nakamura and Shimakita, 1998), and that NaSi-CaAl diffusion is too slow to
exert major control on dissolution kinetics (cf. kiu and Yund, 1992). Our experimental
textures are consistent with this model of cangruent melting and recrystallisation.
Considering the slow intracrystalline/NaSi-CaAl diffusion rates, it is also considered unlikely
that diffusion could have produced the larger compositional variability of the plagioclase
cores in our resorption experiments compared to the 870°C baseline experiment (Fig. 5d,;
Table 1). Insteady.we posit that more anorthitic domains in crystal interiors are generally
related to dissolution and recrystallisation of a more calcic plagioclase at elevated
temperatures, similar to crystal rims. This interpretation is supported by the observation that

more anorthitic domains are often associated with melt inclusions (Fig. 6b & c).

Rapid recrystallisation during cooling does not change crystal shape

Temperature cycling experiment 23-CSB-05 provides insight into growth processes upon
cooling from 900°C to 870°C. The <2 um, An-rich rims crystallised at 900°C are now

overgrown by mantles, which measure 1-50 pum in width and constitute some 60% of the total
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area crystallinity. Proximal to the high-An plagioclase bands, the mantles contain abundant
melt inclusions (2 to >10 um in size) and occasionally show complex, diffuse textures (Fig.
9a, Fig. 11c) characterised by small but significant differences in An content (AAn <5 mol %
within the mantle; Pl in Fig. 11c); towards the rims of the crystals, compositions then
approximate those of the crystal cores grown at 870°C (Pl. in Fig 11c).

The experimental melt inclusions are commonly found in close association with embayed
crystal core topographies (Figs. 9b & 11c), indicating that they were necked offduring rapid
growth (cf. Nakamura and Shimakita, 1998). We therefore suggest that plagioclase mantles
grew rapidly upon cooling from 900°C to 870°C. High growth rates are.interpreted to be a
combined result of the rapid cooling (30°C in 15 minutes) and the interface roughness of the
dissolution surface, which could facilitate a continuous growth ymechanism due to the high
density of kinks and steps (Jackson et al., 1967; Kirkpatrick, 1975; Sunagawa, 2007). The
initial textural and compositional heterogeneity'ef theé mantles also reflects rapid growth: the
boundary layer melt (M1 in Fig. 11) at,900°C is'compositionally heterogeneous due to supply
of resorbed plagioclase components and)simultaneous diffusion into the melt (see above), and
this melt heterogeneity will:be.preserved in the crystals if growth is faster than melt diffusion.
Consistently, the melt inclusiens trapped in the plagioclase mantle cover the same range in
compositions asithe boundary layer melt at 900°C (23-CSB-03), with Ca/Na ratios
considerably.higher (average CaO/Na2O = 0.7) and more variable (CaO/Na>O = 0.3-1.2) than
those typical for far-field glass (Table 1; Supplementary Material S1.2). Nakamura and
Shimakita (1998) have previously described the dissolution and entrapment origin of many
melt inclusions, which constitutes an important petrogenetic counterpart to the melt
inclusions trapped during rapid skeletal growth (Kohut and Nielsen, 2004; Faure and
Schiano, 2005; Bennett et al., 2019). Our results provide additional experimental evidence for

a dissolution origin of melt inclusions and emphasise that adequate interpretation of melt
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inclusion data critically depend on a thorough understanding of how the inclusions formed.
The results of this study further highlight the challenging nature of using crystal textures for
petrogenetic interpretations: the textures produced by a simple temperature fluctuation of
30°C over the course of two weeks at magmatic conditions are highly complex. We suggest
that many petrologists would not have ascribed the presence of patchy zoning (Fig. 9a) or
multiple apparent dissolution fronts (Fig. 9c) to such a simple heating event. Crystal
sectioning effects play a crucial role in further complicating the interpretation of already
complex textural features.

With respect to crystal morphologies resulting from growth during cooling to 870°C, it is of
note that average plagioclase shapes (S/I = 0.28 + 0.04) are identical\to those observed in the
experiment that was quenched directly from 900°C (S/1 =.0.28'# 0.04) and slightly less
tabular than crystals grown at 870°C (S/1 = 0.24 £.0.03;'Eig. 8b). While this difference
between plagioclase shapes in the static and eycled experiments is subtle and likely sensitive
to the exact experimental conditions, itnonetheless suggests that overgrowth of resorbed
cores does not re-establish originahcrystal morphologies but instead preserves the aspect
ratios of the resorbed cores. In.the experiments, the aspect ratios of the overgrowth mantles
themselves could not be robustly determined due to an insufficient number of appropriate 2D
sections, precluding fusther investigation of this observation. However, this will be addressed

below using.the:shapes of overgrowth mantles on MSH plagioclase crystals.

coparison to Mount St. Helens plagioclase textures

Samples in the Mount St. Helens plagioclase shape database

We compared experimental crystal textures to those of plagioclase crystals in a range of
volcanic rocks from Mount St. Helens. The sample suite (Table 2; Figs. 12 & 13) consists of
a 1982 dome dacite, a Castle Creek age basalt, three mush inclusions and three quenched

magmatic inclusions (QMI) hosted in dacites of the Spirit Lake stage (<4 ka BP; Clynne et
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al., 2008; Pallister et al., 2008). Major and trace element compositions of the studied
plagioclase crystals are typical for the MSH plumbing system and do not belong to older
Tertiary intrusions (Fig. 12; Supplementary Material S2.2; Kent et al., 2008; Schlieder et al.,
2022). The Castle Creek age basalt represents one of several mafic inputs into the MSH
plumbing system (Wanke et al., 2019a) and contains predominantly small (lay = 71 pum; Table
2), unresorbed plagioclase crystals indicative of a simple crystallisation history (Fig..13a):
Rare QMIs are evidence for interaction between mafic and evolved magmas and they.are
characterised by diktytaxitic textures dominated by unresorbed plagioclase*(Fig.)13b).
Diktytaxitic textures are the result of rapid crystallisation due to undercooling of the mafic
magma upon injection into the host dacite (Pallister et al., 2008)»The range in crystal sizes
observed in QMIs (lav = 96-161 um; Table 2) suggests variableseooling rates, and up to 37%
of crystals show surficial resorption, indicating a more cemplex growth history. Besides
QMIs, MSH dacites carry inclusions of coarserycrystal-rich material consisting of resorbed
plagioclase, amphibole, and orthopyroxenejSuch inclusions and glomerocrysts have been
interpreted as cognate crystal mush,entrained at depth during magma ascent (Wanke et al.,
2019a), in which case they would offer a direct window into crystal storage conditions at
MSH. Plagioclase in mushtinelusions are larger in size (lay = 225-356 um; Table 2) and
almost universally affected by one or multiple surficial or pervasive resorptions events (Fig.
13c). The 1982 dacite represents a typical hybridised magma with a heterogeneous crystal
cargo samphing multiple crystallisation environments and histories (Streck et al., 2008;
Cashman and Blundy, 2013). Plagioclase in the dome dacite show a range of textures
reflecting this diversity: 16% of crystals are unresorbed, 39% show one or several surficial
dissolution surfaces, and 45% show additional evidence for pervasive resorption (Fig. 13d,;
Table 2). In the following section, we examine the textural characteristics of the MSH

plagioclase cargo within the framework of our new experiments.
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Comparison of natural textures with resorption experiments

Several key features of the textures produced during our resorption experiments are common
in MSH plagioclase crystals. Most importantly, the majority of plagioclase crystals in MSH
dacites show at least one dissolution surface associated with round edges (Fig. 14a & b),
similar to some experimental crystals (e.g., Fig. 9a). Moreover, many natural plagioclase
crystals exhibit rough dissolution surfaces with irregular topography (Fig. 14a & c), which
strikingly resemble textures produced in our heating experiments (Figs. 6, 9 & 10) and are
sometimes associated with melt inclusions (Fig. 14a). In addition, there are several instances
of resorbed, intergrown crystals with a shared An-rich rim (Fig. 14a &b);"which we also
observed in experiments (Fig. 10), and which indicates that intexgrowth occurred before
magmatic cooling post-resorption. Finally, single plagioclase crystals with two distinct
resorbed cores are present in MSH rocks (Fig. 14c);swhichAs also a common feature in
experimental plagioclase crystals (Fig. 10). Smeoth and rough dissolution surfaces in natural
crystals are overgrown by An-rich plagioclaseyfollowed by a return to more albitic
compositions via normal zoning (Rig,»14;'Streck et al., 2008). This is qualitatively consistent
with the experimental An-richtbands and lower-An mantles observed in the temperature
cycling experiment. Indeed, Streck et al. (2008) suggest that dissolution surfaces in MSH
plagioclase crystals reflect temperature fluctuations of <45°C and resulting changes in
crystallinity of '<25% during prolonged storage. Our experiments provide additional textural
evidence in support of this hypothesis. Within this framework of heating-induced crystal
resorption, we note that MSH plagioclase crystals show evidence for multiple heating events
(F1g. 14), whereas experimental crystals were only heated once. Since our experiments show
that resorption decreases 3D crystal aspect ratios, we use the MSH sample suite to test

whether multiple resorption events lead to a greater reduction in aspect ratios.
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Plagioclase shape variability at Mount St. Helens

To quantify the effect of resorption on crystal shape in MSH plagioclase, we subdivided
crystals into three categories: (1) unresorbed crystals; (2) crystals showing surficial
resorption, i.e., crystals with dissolution surfaces and rounded corners but preserved overall
core shapes (cf. Fig. 1a); and (3) crystals showing pervasive resorption, i.e., crystals whose
original core shapes have been compromised during extensive dissolution (cf. Fig. 1b)i\We
note that while category (3) includes sieved crystals (e.g., Fig. 13d), most crystals in this
category do not show sieving but rather highly irregular core surfaces (e.g4,Fig.\13c) and

patchy interiors (Supplementary Material 2.1).

For the 1982 dome dacite, crystal textures were sufficiently diverse to constrain shapes for all
three categories; plagioclase crystals from all other samples show less textural variability and
only fall into one or two of the three resorption categories(Table 2; Fig. 15). In Fig. 153,
representative crystal shapes for each resorptionicategory across all samples are shown.
Unresorbed plagioclase crystals have tabular shapes (S/I = 0.27-0.37; Table 2; blue symbols
in Fig. 15), whereas resorbed crystals are ' more equant, with surficial resorption producing a
large range of aspect ratios{S/t.= 0.33 — 0.63; lavender symbols in Fig. 15) and pervasive
resorption resulting in the mest compact, low-aspect-ratio shapes (S/1 = 0.56 — 0.71; Table 2;
purple symbols in<Eig.)25). This decrease in 3D crystal aspect ratio during resorption is
consistentswith-our experimental observations. We posit that the greater magnitude of shape
change in MSH samples is due to the greater number of resorption-recrystallisation events in
response to repeated thermal fluctuations (or other processes inducing disequilibrium, such as
an influx of volatiles) over geologically relevant timescales. In addition, the presence of sieve
textures in MSH plagioclase suggests that some crystals were exposed to greater degrees of

disequilibrium than those imposed in our experiments, which did not produce sieve textures.
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This implies a larger extent of dissolution and hence a more pronounced reduction in crystal

aspect ratios.

Notably, unresorbed crystals exhibit similar shapes irrespective of magmatic compositions
and crystallisation environment. This indicates that despite the large range of crystallisation
conditions for the different samples, relative growth rates of plagioclase along the different
growth directions were remarkably similar. Within the framework of Mangler et al,(2023),
who modelled relative growth rates as the competition between melt diffusivity.and, interface
reaction Kkinetics, this implies that the relative rates of melt diffusion and4o interface reaction

were similar in all cases.

In addition to entire crystal morphologies, we separately measuredyplagioclase core and
mantle shapes in the 1982 dome sample to examine thé effect of overgrowth on crystal shape
in natural samples (Table 2; Fig. 15b). Consistent with our observations in cycling
experiment 23-CSB-05, crystal core shapes‘are consistent with entire crystal shapes
irrespective of mantle shapes. For example, plagioclase crystals with surficial resorption
textures have tabular cores (S/1 =Q.48)and tabular overall shapes (S/1 = 0.45), yet their
mantles are significantly more eguant (S/1 = 0.57). This observation may be explained by the
crystal growth model of Mangler et al. (2022), who found that crystal shapes are insensitive
to relatively small’'overgrowth volumes. Interestingly, mantles of both surficially and
pervasivelyresorbed crystals have similar growth shapes (S/I = 0.57 — 0.67), and they are
more equant than primary growth shapes (represented by unresorbed crystals, S/l = 0.33).
This suggests that relative growth rates along different crystallographic directions were more
similar during mantle crystallisation than those during primary growth. This points towards
different growth mechanisms. Indeed, the rough surfaces of the resorbed crystals would
favour continuous growth over layer growth mechanisms (i.e., spiral or surface nucleation

growth), which dominate at smooth interfaces (Kirkpatrick, 1975; Lasaga, 1998). Continuous
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growth is driven by a high density of kinks and steps on the crystal surface rather than by
variations in surface energy on different crystal faces (Hartman and Perdok, 1955; Jackson et
al., 1967; Kirkpatrick, 1975). Therefore, a change from layer growth to continuous growth,
caused by resorption, could explain the lower aspect ratios (i.e., high S/I) of the plagioclase
mantles. Alternatively, it is also possible that relative overgrowth rates are different from
primary growth due to the larger sizes of resorbed crystals compared to nuclei, as growth
kinetics are known to be size dependent (e.g., Eberl et al., 2002; Gaidies and Ge0rge;.2021).
The relationship between resorption and 3D crystal aspect ratio, demonstrated both
experimentally and in samples from MSH, implies that the shapes of plagioclase crystals in a
magma reservoir will become less tabular every time they are remobilised and resorbed. In
the final section, we discuss the effect of this maturation.on mush properties and plumbing

system dynamics.

Maturation of a crystal mush and its®{fec?on mush eruptibility

Current models of crustal magma storage envisage trans-crustal plumbing systems with large
regions of crystal mush (i.e., a rigid framework of interlocking crystals with interstitial melt)
potentially hosting smaller and transient domains of liquid-dominated, eruptible magmas
(Annen et al., 2015;.Cashman et al., 2017; Cooper, 2019). In this framework, the crystal
cargo erupted at voleanoes across tectonic settings is considered to be at least partly derived
from remobilised and disaggregated crystal mushes, which is consistent with heterogeneous
crystallisation ages, textures and compositions of co-erupted crystals (e.g., Charlier et al.,
2005; Davidson et al., 2007; Cooper and Donnelly, 2008; Passmore et al., 2012; Cashman
and Blundy, 2013; Evans and Bachmann, 2013; Wolff et al. 2015; Humphreys et al., 2019;
Mangler et al., 2020; Schlieder et al., 2022). For example, plagioclase crystals erupted at
MSH in 1980-86 and 2004-05 show U-series crystallisation ages ranging from >20-40 ka to

zero-age (Cooper and Reid, 2003; Cooper and Donnely, 2008; Schlieder et al., 2022), and
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Schlieder et al. (2022) used Sr diffusion in plagioclase to show that a significant fraction of
these crystals spent >95% of their storage in a crystal mush (“cold storage”, e.g. Cooper and
Kent, 2014). The diversity of erupted MSH plagioclase textures is consistent with this view
and highlights the heterogeneity of the MSH plumbing system: any erupted crystal has a
unique crystallisation and remobilisation history, depending on their pathway through the
distinct magmatic environments in the plumbing system. Resorption textures in MSH
plagioclase record mush disaggregation and reformation processes, and we can/tse the
observed plagioclase diversity to exemplify the textural evolution of a crystal mush as it
forms and matures, i.e., as it is repeatedly remobilised and subject to resorption (Fig. 16).
Upon ascent and emplacement of a new melt batch in the crust (step\(0) in Fig. 16), tabular
plagioclase will crystallise. Due to the high aspect ratios.of the erystals, the maximum
packing fraction (i.e., rheological lockup) will be reached,at relatively high temperatures
(Tiockup N Fig. 16) and low crystallinities, and‘an,interlocking crystal network will form (i.e.,
a mush; blue in Fig. 16). We suggest that such’immature mush textures and crystal shapes
will resemble those of the quenched magmatic inclusions at MSH (Fig. 13b). Crystals will
then be stored at temperatures close to the solidus for various amounts of time (years to >10
kys; Schlieder et al., 2022)\efore being rejuvenated by a renewed influx of magma, volatiles,
or heat. Upon rejuyenation of the primary mush, interlocking crystal networks will be
disaggregated,.and individual crystals resorbed, which will result in more equant crystal
shapes with-lower aspect ratios (step (1) in Fig. 16). Cooling and recrystallisation after the
remobilisation event will re-establish a texturally more mature crystal mush, which will form
at slightly higher crystallinities and lower Tiockup. Each subsequent remobilisation and
resorption event will advance mush maturation by further reducing crystal aspect ratios and
hence Tiockup (Step (2) in Fig. 16). The crystal cargoes in the mush enclave samples (Fig. 13c)

and the 1982 dacite (Fig. 13d) show various stages of crystal maturation.
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Crystal mush maturation has important effects on its rheological properties. Mader et al.
(2013) describe maximum packing fractions of magmas as a function of crystal shape. The
aspect ratios of MSH plagioclase categories (Table 2) can be used to estimate how lock-up
crystallinities change during mush maturation: Primary, unresorbed, tabular MSH plagioclase
(S/1 ~0.3) has a lock-up crystallinity of ~40%, whereas mature, equant, resorbed plagioclase
(S/1 ~0.7) locks up at ~50% (Fig. 16). This difference in lock-up crystallinities prescribes
that a mature crystal mush becomes rheologically locked at lower temperatures/thaman
immature mush: R-MELTS modelling (Gualda and Ghiorso, 2015) suggests,~35°C
difference between 40% and 50% crystallinity for a water-saturated MSH dacite (Riker et al.,
2015) at 200 MPa. This means that as a crystal mush matures, it\wemains rheologically mobile
—and hence eruptible — for longer (orange in Fig. 16), and it canralso be remobilised more

easily.

The above model, and the experiments upon whiebh it is based, are simplifications in several
aspects. Firstly, it assumes that resorption isjexclusively related to thermal fluctuations, even
though it is well known that changes.in-melt composition, volatile content, oxygen fugacity,
and pressure can equally destabilise mineral phases and drive resorption. Similarly, our
experiments studied, plagioclase in a near-liquidus melt, but a natural mush is, by definition,
crystal-rich, and Wil comprise several mineral phases. Despite these caveats, our experiments
reproduced-surficial resorption textures typical for MSH (Figs. 1la & 14) and volcanic rocks
in general. This indicates that the experiments approximated typical degrees of disequilibrium
in velcanic plumbing systems, irrespective of the exact circumstances and driving forces
behind it. We therefore suggest that our findings and interpretation are relevant to resorption-
recrystallisation processes in general.

Secondly, the model assumes that every crystal in a given mush domain will be equally

affected by perturbations. In reality, not every crystal will be affected by every remobilisation
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event, depending on its position in the mush pile (e.g., Cheng et al., 2020; Platt et al., 2023).
Similarly, some crystals may experience little or no resorption during remobilisation (as seen
in our experiments), while others may be subject to pervasive resorption (depending on its
individual exposure to disequilibrium), which would alter their shapes more severely. In
addition, magma recharge will periodically introduce additional, less mature crystals from
depth. Hence, any crystal mush with a history of multiple remobilisation events will exhibit.a
diverse crystal cargo of varying maturity (i.e., variable crystal shapes), which will affect
magma rheology (Moitra and Gonnerman, 2015).

Thirdly, in complex plumbing systems such as MSH, there are several mush environments at
distinct depths and temperatures, with distinct compositions, phase assemblages, and
remobilisation histories, and hence different degrees of maturity (Wanke et al., 2019a &b;
Schlieder et al., 2022; Keller et al., 2024).

Nonetheless, our study demonstrates that mature,volcanic plumbing systems such as MSH
are dominated by mush with more equant crystals, whereas immature plumbing systems are
likely characterised by mush with“a higher abundance of tabular crystals. This has important
implications for the dynamics-and timescales of pre-eruptive magma assembly. A mature
mush can produce eruptible.magmas on shorter timescales and with less mass, volatile, or
heat input than an.immature mush. Large eruptions resulting from wholesale remobilisation
of mushy reservoirs are therefore more likely to occur in thermally more mature plumbing
systems..Mereover, since mush permeability is also a function of crystal shape (Bretagne et
al’»2023), a mature mush likely has a higher permeability than an immature mush. This may
facilitate melt extraction and hence formation of large volumes of eruptible crystal-poor
rhyolite (Liu and Lee, 2021). On the other hand, higher mush permeability can also facilitate
reservoir outgassing through magmatic volatile phase channels in the mush (Parmigiani et al.,

2011; Oppenheimer et al., 2015), which affects magma reservoir compressibility and hence
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eruption rates, durations, and styles (Huppert and Woods, 2002; Degruyter et al., 2017;
2019). Mush maturation may therefore be an important aspect of the thermal maturation of
magmatic plumbing systems, which is known to facilitate larger eruptions (e.g., de Silva and
Gosnold, 2007; Walker et al., 2010). This shows that studies into crystal shape inventories
and hence maturity of magmatic systems have great potential to improve our understanding

of mush remobilisation and pre-eruptive magma dynamics and timescales.

Conclusions

We provide experimental evidence that temperature fluctuations of 20-40°C. can reproduce
resorption textures typical for plagioclase crystals in MSH rocks and'many other arc
volcanoes worldwide. Resorption results in a reduction of 3D .aspect ratios of experimental
plagioclase crystals, and the same observation that reserbed crystals are more equant is also
true for MSH plagioclase. Our findings suggestthatithe shapes of plagioclase crystals in a
magma reservoir will become less tabular every time they are remobilised and resorbed.
More generally, the crystal cargo of’a mush/’stored in the crust will become more equant as it
matures, i.e., over the course of repeated cycles of resorption and recrystallisation. Since
crystal shape affects the-€rystallinities and temperatures at which a crystal mush unlocks and
becomes eruptible,"matune mushes can be remobilised and erupted more easily and over

shorter timescales than immature mushes dominated by unresorbed, tabular shapes.
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1214  Table 1: Textural and compositional data for plagioclase crystallised and resorbed in temperature
1215  cycling experiments.

Experiment 22-CSB-03| 23-CSB-04 23-CSB-03 23-CSB-07 23-CSB-05
e | S[ieser Spdesen shdeser | Tenpeoure
Temperature increase - 20°C 30°C 40°C 30°C
Initial growth conditions 168h° 168h° 168h° 168h° 168h°
at 870°C at 870°C at 870°C at 870°C at 870°C
elevated T conditions - 168h 168h 168h 148h
at 890°C at 900°C at 910°C at 900°C
A . 168h
Return to initial conditions - - - - at'870°C
Nplag* 125 359 465 508 219
Apiag, tot (MM?) 0.050 0.066 0.076 0.029 0.073
Ipag, av (M) 38 25 21 13 31
Apiag, av (rm?) 396 185 164 57 335
Vplag, av (um?3) 7881 2508 2107 434 6136
s/1® 0.24+0.03| 0.29+0.04 0.28+0.04 ,0.36+0.05 0.28 +0.04
R:2%* 0.982 0.988 0.986 0.984 0.992
Surface roughness * 1 1.37 1.64 2.15 1.11
Ancore, average £ 25D 35.5+2.2| 384125 38.8+3.1 37.1+4.0 36.8+4.6
ANrim/band, max - 433 47.9 49.2 48.0
ANmantle, range - - - - 36-40
Ca0/Naz0 core, average + 25D 1.0 £ 071 22+0.1 1.2+0.2 1.1+£0.2 1.1+0.2
Ca0/Na20 rim/band, max - 1.4 1.6 1.8 1.7
Ca0/Naz0 far-field glass, average £ 250 <0.3'¢ 0.1 0.3+0.1 0.4+0.2 0.5+0.3 0.3%0.1
Ca0/Naz0 boundary layer melt, rangé - 0.3-0.6 03-1.1 0.4-1.2 0.3-0.9
Ca0/Naz0 melt inclusion, range - 0.3-1.2

#number of plagioclase crystals measured
$best estimate for 30 short over intermediate axis + 1SD (Mangler et al., 2022)
% R - goodness of-fit'indicator (Mangler et al., 2022)
* average(2D-crystal perimeter/area) normalised to value for unresorbed crystals (22-CSB-03)
** average mantle value + 2SD for cycling experiment 23-CSB-05
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Table 2: 3D shapes of plagioclase crystals in Mount St Helens rocks.

I Pl ion npiag® | s* 1® L* s/I® 1SD* RSZ*
sample Rock type Crystal Plag resorption npiag av / c
zone  type (um)
entire crystal shapes
MSH90-9 1982 dome entire unresorbed 89 129 | 1.0 3.0 52 0.33 0.05 0.976
dacite entire surficial 214 303 | 1.0 22 36 045 0.07 0991
entire pervasive 251 270 | 1.0 14 36 0.71 0.08 0.993
MSH-22-56 Castle Creek entire unresorbed 321 71 | 1.0 35 52 0.29 0.05,0986
basalt
MSH-22-47 Mush enclave  entire surficial 283 396 | 1.0 16 6.8 “0.63 0.06 0.987
MSH-22-57 Mush enclave  entire surficial 356 126 | 1.0 2.0 5.6% 0.51 0.07 0.979
MSH-22-49 Mush enclave entire pervasive 225 249 | 10 18 4.8, 0.56 0.06 0991
MSH-22-16 QM entire unresorbed 417 96 1.0, 27 %56 0.37 0.06 0.980
MSH-22-20 QM entire unresorbed 411 121 | 1.0\\3.6© 56 0.28 0.04 0.983
entire surficial 167 168 | 10 2.3 4.8 0.43 0.07 0.996
MSH-22-4 QmMmi entire unresorbed 210 A24%, 1.0 3.7 6.4 0.27 0.04 0.994
entire surficial 122 156 J 1.0 3.0 5.0 0.33 0.05 0.997
crystal core and mantle shapes
MSH90-9 1982 dome core surficial 214 1.0 23 438 0.43 0.07 0.984
dacite core pervasive 251 1.0 14 32 071 0.08 0.998
mantle “surfieial 214 1.0 18 3.8 0.57 0.07 0.983
mantle pervasive 251 1.0 15 50 0.67 0.07 0.978

MSH — Mount St. Helens; QM| — Quenched Magmatic Inclusion.

#number of plagioclase crystals measured
$best estimate for 3D’crystal shape (Mangler et al., 2022):
S — short axis; | ~intermediate axis; L — long axis; 1SD given is for S/I ratio; Rc2 - goodness of fit indicator.
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Figure Captions

Fig. 1: (a) and (b) Back-scattered electron images of typical plagioclase resorption textures
using the example of Mount St. Helens. (a) Surficial resorption produced multiple dissolution
surfaces with rounded edges in the interior of the crystal. Most oscillatory zones are
associated with minor resorption around the edges; arrows designate examples of more
significant surficial resorption events. (b) Pervasive resorption of the crystal core produced\a
sieved texture in the outer core. The morphology of the remaining intact core (dashed-eutline)
does not reflect its original shape and is dominated by deep embayments (arrows). Scale bars
are 250 um in length. (c) and (d) Ilustrations of 3D crystal shape terminology.used in this
study. (c) tabular shape. (d) equant shape.

$20Z 1snBny £z uo 1sanb Aq £609¢///8808ebs/ABojonad/ca01 "0 L /10p/a|o1ie-a0ueApe/ABoj08d/Woo dno-olwapese//:sdny WwoJj papeojumoq



S/l <1
tabular




1263
1264

1265

1266

1267

1268

1269

1270

1271

1272

1273

1274

1275

1276

1277

1278

1279

1280

1281

1282

1283

Fig. 2: Graphical illustration of experimental run design. All experiments were conducted

under water-saturated conditions and at 150 MPa.
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Fig. 3: Representative back-scattered electron images of textures produced in the
experimental heating runs. (a) 22-CSB-03. (b) 23-CSB-04. (c) 23-CSB-03. (d) 23-CSB-07.
Key features described in the text are annotated. Scale bars are 20 um in length.
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Fig. 4. Normalised frequency plots of 2D crystal aspect ratios (intersection lengths/widths)
for the static baseline experiment and the three heating experiments. Heating results in a
gradual peak shift from w/l ~0.2 to ~0.4, reflecting an increasing number of crystals with
lower 2D aspect ratios. The number of plagioclase crystals measured in each experiment are
n =125 (CSB-22-03), n = 359 (23-CSB-04), n = 465 (23-CSB-03), and n = 508 (23-CSB-
07).
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Fig. 5: Textural data for the experimental heating runs plotted as a function of temperature
increase. White diamonds: Experiment 22-CSB-03 (870°C, npiag = 125); light green
diamonds: 23-CSB-04 (890°C, npiag = 359); mid green diamonds: 23-CSB-03 (900°C, Nplag =
465); dark green diamonds: 23-CSB-07 (910°C, npiag = 508). (a) Crystal length = 95%
confidence interval. Symbols larger than error bars except for 22-CSB-03. (b) 3D
short/intermediate axis ratio = 1SD. (c) Surface roughness normalised to mean unresorbed
value + 95% confidence interval. Symbols larger than error bars. (d) mol% An of plagioclase

cores and maximum An of plagioclase rims.
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Fig. 6: Enhanced contrast back-scattered electron images of textures produced during heating
experiments. Arrows denote surficial resorption (Rs), pervasive resorption (Rp), and growth

(G). MI = melt inclusion. Scale bars are 20 um in length.
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Fig. 7: Compositional transects showing Al203, CaO, and CaO/NazO profiles across the
crystal-liquid interface in resorbed crystals. At 900°C, plagioclase (PI) crystals are
surrounded by a boundary layer melt (BLM) enriched in dissolved plagioclase components.
Boundary layers are typically 2 um and up to 3.5 um wide; at greater distances from crystals,
melt compositions are unaffected by dissolving plagioclase (far-field melt, FFM). Some
plagioclase rims also show 1-2 um wide rims of elevated CaO and CaO/Na2O (1An rim).

Error bars in (b) indicate typical analytical uncertainties.
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Fig. 8: Crystal textural evolution during a 30°C temperature cycle. Crystals grown at 870°C
(white diamonds, 22-CSB-03, npiag = 125) are heated to 900°C and held for one week (green
diamonds, 23-CSB-03, npiag = 465) before cooled back down and held at 870°C for another
week (yellow diamonds, 23-CB-05, npiag = 219). (a) Crystal length £ 95% confidence
interval. (b) 3D short/intermediate axis ratio £ 1SD. (c) Surface roughness + 95% confidence
interval. Note that the while crystal length and surface roughness approach the characteristics

of starting plagioclase crystals, 3D crystal aspect ratios do not revert back to original values:
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Fig. 9: Enhanced contrast back-scattered electron images of textures produced during the
temperature cycling experiment 23-CSB-05. Arrows denote surficial resorption (Rs),
pervasive resorption (Rp), growth (G), melt diffusion (D) and intergrowth (1G). C = crystal
core; MI = melt inclusion. Orange colours reflect texturally relevant processes at 900°C, blue

colours denote processes during cooling to 870°C. Scale bars are 20 um in length.
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Fig. 10: Enhanced contrast back-scattered electron images of textures produced during the
temperature cycling experiment 23-CSB-05. Arrows denote surficial resorption (Rs),
pervasive resorption (Rp), growth (G), melt diffusion (D) and intergrowth (1G). C = crystal
core; MI = melt inclusion. Orange colours reflect texturally relevant processes at 900°C, blue

colours denote processes during cooling to 870°C. Scale bars are 20 um in length.
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Fig. 11: Schematic showing crystal resorption and growth processes during temperature
cycling and their effects on plagioclase textures and compositions. Note that compositional
profiles represent idealised transects for illustrative purposes only; back-scattered electron
images show respective examples of experimental plagioclase textures and include
compositions measured by energy-dispersive X-ray spectroscopy. (a) Initial growth at 870°C
produces euhedral crystals (Plo) in equilibrium with host melt (Mo). (b) Heating to 900°C
results in partial dissolution of Plo, formation of a boundary layer melt enriched in Ca/Na
(M3), from which a higher An PI (Pl1) recrystallises on rough parts of the dissolution'surface.
(c) Subsequent cooling to 870°C leads to rapid overgrowth of the resorbed crystal with-a
mantle which partly records the diffusing boundary layer melt M1 (Pli,) before stabilising
plagioclase composition characteristic for 870°C (Pl2 = Plo). Rapid growth-leads to
entrapment of abundant melt inclusions which sample the heterogengous boundary layer melt

M;. See text for discussion.
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Fig. 12: Mount St. Helens plagioclase Ba and Sr compositions of unresorbed cores, surficially
resorbed cores, and pervasively resorbed cores in (a) 1982 dacite, (b) Castle Creek age basalt,
(c) quenched melt inclusions (QMI), and (d) mush inclusions. Error bars are 1 SE standard
errors of the analyses. Plagioclase compositions overlap with published data for MSH since
1980 (yellow field, Kent et al., 2008) and show no systematic differences between different
core types. Published compositional data for tertiary gabbros (green field, Kent et al., 2008)
and Cave basalts (orange field, Berlo et al., 2008) are also given.
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Fig. 13: Representative textures of Mount St. Helens samples. (a) Castle Creek age basalt. (b)
Quenched magmatic inclusion (QMI). (c) Mush enclave. (d) 1982 dome dacite. Examples of
the three plagioclase categories defined for shape analysis are outlined and labelled; U =
unzoned; Rs = surficial resorption; Rp = pervasive resorption. Note the different scale for

panel (a).
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Fig. 14: Examples of Mount St. Helens plagioclase crystals with textural features akin to
resorption experiments. (a) Multiple dissolution surfaces (arrows) associated with rounded
edges and roughened surfaces, some of which are associated with melt inclusions (MI). Note
the small resorbed crystal which attached to the large plagioclase crystal after one of the last
recorded resorption events (“IG”). (b) Two intergrown plagioclase crystals with various
dissolution surfaces and a shared outer rim. The triangular shaped crystal next to the
intergrown crystals bears striking resemblance to the experimental texture in Fig. 9a. (c).A
crystal with two distinct resorbed cores with roughened surfaces (C1 and C2), similar to‘the

experimental texture in Fig. 10c.
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Fig. 15: 3D short/intermediate crystal dimension aspect ratios (S/1) + 1SD of plagioclase
crystals in Mount St. Helens samples, distinguished by degree of resorption. (a) Entire MSH
sample set. Unresorbed plagioclase crystals show lower S/ (i.e., higher aspect ratios) than
resorbed crystals. (b) Shapes of crystal cores, mantles and entire crystals of MSH plagioclase
crystals in the 1982 dome dacite sample. Entire crystal shapes match those of crystal cores

despite distinct mantle growth shapes. See text for discussion.
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Fig. 16: Schematic model showing the evolution of crystal shapes, lock-up crystallinities, and
lock-up temperatures during magma emplacement, mush formation and maturation. Tiiq =
Liquidus temperature; Tsoi = Solidus temperature; Tiockup = LOCk-up temperature, i.e. the
temperature at which crystallinities reach maximum packing fractions for a given crystal
shape and a rheologically locked crystal framework (i.e., mush; blue area) forms. Schematic
3D short/intermediate crystal dimension aspect ratios (S/I) for different mush reprocessing
stages are shown. Note that with increasing mush maturity, the lockup temperature decreases
and the time spent at eruptible magma conditions increases (orange area). Modified-after
Cooper and Kent (2014).
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