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Abstract

The application of melt inclusions (MI) to infer graatic processes assumes the Ml have
remained as constant mass, constant volume systeagsthe time of trapping. Understanding the
effects of both compositional and volumetric reigration is key for the interpretation of Mi
data. Although the re-equilibration behavior Mlqnartz and olivine has been studied in some
detail, the process is less understood for othenddt phases such as plagioclase, a common phase
in igneous rocks.

A MI can re-equilibrate when it experiences PT d¢bods that differ from formation PT
conditions. During laboratory heating irreversilil# expansion may occur. As a result, the
internal pressure within the MI decreases, resyltinchemical and structural changes to the Mi
and host. We present results of heating experinmnidagioclase-hosted Ml designed to induce
volumetric re-equilibration. The experiments cotedsof incrementally heating the MI to
temperatures above the homogenization temperaiite10°C above the temperature at which
the daughter minerals melted, irreversible voluxgaasion lowered the pressure in the Ml, and
led to exsolution of C®into vapor bubbles. With each additional few degref heating,
additional episodes of GQexsolution, bubble nucleation and expansion of whpor bubble
occurred. Re-equilibration of Ml in plagioclase ooed through a combination of ductile and
brittle deformation of the host surrounding the Mhereas previous studies have shown that Mi
in olivine re-equilibrate dominantly through duetdleformation associated with movement along

dislocations. This behavior is consistent with diféering rheological properties of these phases.

Plain Language Summary

During magma ascent and eruption, melt inclusidng, (representing small pockets of melt
trapped during mineral growth, experience condgitimat may alter their original volume and
composition. To recover conditions representativéhose at the time of M| formation, heating
experiments are performed to reverse changes teat after the Ml formed. Compositional and
volatile analyses of Ml that have been so treatal important and otherwise unobtainable
information on the magmas stored at depth. Howealegrending on the temperature, experimental
run time and heating rate, the Ml can be irrevéysiiodified, sometimes without leaving obvious
structural damage. To examine how Ml respond t@swe to high temperature and long-duration

experimental runs, we heated plagioclase-hostetb Mimperatures beyond the inferred trapping
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temperature. We found that, when the internal piresi the M| exceeds the confining pressure,
the plagioclase host undergoes both ductile anttldbdeformation, thus allowing the MI volume

to increase, leading to a decrease in the intgneasure and exsolution of volatiles dissolved in
the melt. If the temperature was raised in increswéeyond ~1,270C, each new increment of
overheating resulted in additional fracturing oé thost, pressure decrease, vapor exsolution,

bubble nucleation, migration, and coalescence.
1 Introduction

1.1 Statement of the problem

Melt inclusions (MI), pockets of melt trapped dwgicrystal growth, have become one the
primary sources of information concerning the pbgisand chemical characteristics of magmas
at depth. Interpretation of information from Ml l&sed on the assumption that they remain a
closed, constant volume system following trappigy changes that occur after trapping must be
reversible by calculation or by microthermometry arder to reconstruct the original PTX
conditions at trapping (Roedder, 1979). Changésmperature and pressure as a magmatic system
evolves may lead to changes in the compositiomefMI through a variety of post-entrapment
processes. These processes include post entrapmystallization (PEC) of host mineral on the
MI walls that occurs during cooling. The MI mayalsecome saturated in mineral phases other
than the host phase and precipitate daughter niénéuasing cooling. In order to determine the
composition of the melt that was originally trappte effects of both PEC and daughter mineral
formation must be accounted for, and this is acdsimpd through heating experiments to
homogenize the MI contents, or through mass balaadeulations to restore host/inclusion
chemical equilibrium (Danyushevsky et al., 2000pli® 2005; Rapien et al., 2003; Bodnar &
Student, 2006).

While PEC and formation of daughter minerals dftapping are easily recognized and may
be corrected for, diffusive re-equilibration invelrexchange of components between the Ml and
host mineral and/or the external melt that is tpansng the crystals during ascent and is more
difficult to recognize, and in many ways is analegido cryptic metasomatism. Diffusive re-
equilibration occurs when the MI and host crystatl/ar host lava are out of equilibrium
(Danyushevsky et al., 1997, 2002; Kent, 2008; Lagtga., 2013; Qin et al., 1992). Loss or gain
of volatiles occurs by diffusion from the MI and facilitated by the presence of cracks or

dislocation planes in the host mineral surroundimg MI. Evidence for volatile loss includes
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variations in the H isotopic composition and unisgedally low H O, CG and/or S concentration
in the MI (Nielsen et al., 1998; Bodnar & Studetip6; Gaetani et al., 2012; Drignon et al., 2018).

In addition to PEC, precipitation of daughter maisy and diffusive re-equilibration of Ml,
the melt in the inclusion may also become saturet@she or more volatile components and form
a vapor bubble after trapping. Studies have shtzvanthe vapor bubbles in MI may contain up to
90% of the total C@that was originally dissolved in the melt. The amioof CQ (and other
volatiles) contained in the vapor bubbles mustiotided in the total Ml volatile budget to obtain
an accurate estimate of the entrapment presswgel¢S¥acinnis et al., 2011; Hartley et al., 2014;
Moore et al., 2015; Wallace et al., 2015). Manyhaf changes that MI experience after trapping
are reversible — these include elastic changdsetdiost crystal as a result of thermal contraction
or decompression as the PT conditions change, pitatocon of material on the MI walls and
formation of daughter minerals. In some casesusive loss of some components, such #3,H
is reversible and the originak8 content may be restored experimentally (Mironbale 2015;
Portnyagin et al., 2008). Other changes are irstkerand include the diffusive loss of most non-
volatile components and inelastic volume changesuietric re-equilibration as used here refers
to the inelastic, irreversible change in the voluafethe host phase in response to changing
temperature and/or confining pressure, or defolnadif the host crystal driven by expansion of
the MI (Tait, 1992). Volumetric re-equilibration ofivine-hosted MI has been documented by
Schiavi et al. (2016), who measured the expandibfl with increasing experimental run duration
and temperature at 0.1 MPa. They found that mdsirm@tion surrounding Ml was associated
with plastic deformation involving movement alongsldcation planes. Dislocation planes in
olivine were recognized by the presence of irordexphases that decorated the dislocations and
revealed damage to the crystal structure. A moneige and inclusive review of volumetric re-
equilibration processes associated with inclusisiqsovided by Ferrero & Angel (2018).

In our previous work on plagioclase-hosted MI, vibs@rved that increasing amounts of2CO
appeared to exsolve from the melt into vapor bublae the duration of laboratory heating
experiments increased (Drignon et al., 2018, 201@)e-series experiments performed from 30
minutes to 4 days at 1,230 °C in a one-atmospteteal furnace revealed a 15% increase in the
amount of CQthat exsolved from the melt into vapor bubbleshaiit modifying the overall CO
concentrations of the Ml (e.g., total Ebntent of MI did not change). The migration of 4o

the vapor bubble was a result of the decreasdemial pressure with increasing experimental run
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time which, in turn, led to a decrease in£30lubility in the melt (Drignon et al., 2018). he@asing
experimental run time also led to an increase eaberage Si©and MgO content of the MI,
together with a decrease in iy K20, Al:0z, and CaO contents, as a result of diffusive re-
equilibration. The non-volatile component that daxded the largest change in concentration with
increasing run time was MgO (Drignon et al., 20B0th the generation of larger vapor bubbles
by volumetric re-equilibration and the modificatiohMI chemistry by diffusive re-equilibration
between MI and hosts are time-dependent phenonhemiais study we explore the mechanisms
responsible for re-equilibration of Ml in plagiosas described in Drignon et al. (2018; 2019).
We consider the mechanical behavior of plagioclaseit undergoes deformation during
incremental heating using 2D and 3D imaging ofsiha@pe and size of MI before, during, and after
experimentation. Finally, we compare the mannavhich Ml in plagioclase respond to increases
in internal pressure to the behavior of MI in atiei and discuss reasons for their differing

behaviors.

1.2 Background Information

The goal of heating experiments on heterogeneous Mireturn the MI to the glassy state by
reversing PEC and dissolving daughter minerals exsblved vapor back into the melt. The
temperature at which daughter minerals dissolvandureating is commonly assumed to represent
a minimum temperature of entrapment (Roedder, 19K®reover, experimental protocols
followed during heating experiments are criticabtwcessfully retrieving information concerning
the characteristics of the melts at the time gégnag and, concomitantly, magmas at depth. The
homogenization temperature and temperatures obldissn of daughter minerals obtained
through laboratory heating experiments depend enh#mating rate, the equipment used (tube
furnace versus microscope-mounted heating stagauvdreating in an autoclave at elevated
confining pressure), the inclusion size, the doraind the method (step-wise versus continuous
heating) of heating (see Student & Bodnar, 1999,afaletailed discussion of the effect of
experimental parameters on the measured homogemzatmperature of Ml). We also note that
heating experiments to correct for the diffusivesl@f BO (and perhaps other species) require
specialized equipment and procedures in which thar®heated under a high confining pressure
and with an elevated and known®activity (or fugacity) (Mironov et al., 2015; Royagin et
al., 2008).
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The homogenization temperature represents the tamope at which the MI achieves a
homogeneous state during heating and, thus, centmily a single phase. However, during
laboratory heating at one-atmosphere, the intgareasure in the Ml is lower than the pressure at
the time of MI formation because the crystal suuuethas relaxed (expanded) owing to the lower
confining pressure and, as such, volatiles in theidfially do not dissolve at the temperature of
trapping. This results in a remnant vapor phass aft daughter minerals have dissolved (Wallace
et al., 2015). In this case, the temperature athvall the solids in the MI have dissolved back int
the melt is commonly reported as the homogenizatemperature. Heating beyond the
temperature at which the solids melt in an attetopdissolve the vapor bubble often leads to
leakage or decrepitation of the MI. As such, mastkers quench the MI from a temperature that
is at or just above the temperature at which alhefsolids have melted (see Figure 3 in Fedele et
al., 2003) — if a vapor bubble remains in the Mly &olatiles contained in the bubble are taken
into account by measuring the volatile contentshef bubble and reconstructing the volatile
content of the trapped melt using mass balanceoappes (Hartley et al., 2014; Moore et al.,
2015; Wallace et al., 2015).

The rate at which a Ml is heated during the homaggion experiment is important in order
to avoid overheating the MI, resulting in a meltnamsition in the MI that is different from that
of the trapped melt (Danyushevsky et al., 2002d&tt & Bodnar, 1999). Specifically, if the Ml
is heated too quickly, it is possible to “overshaibe homogenization (trapping) temperature.
Conversely, if the Ml is heated too slowly, the thmahy re-equilibrate and change composition
through the diffusion of components out of (or )ntee MI. The MI should thus be heated as
quickly as possible to allow all the solids in tN8 to melt under equilibrium conditions.
Danyushevsky et al. (1997) noted that when plagsehosted MI from boninites were heated
slowly, the homogenization temperature was higloengared to results obtained when the Ml
were heated at a faster rate, and they attribinednicrease in temperature to loss eOHalong
dislocations or cleavage planes. Slow heating ratesmhydrous Ml may result in diffusive re-
equilibration between host and melt and irreveysibbdify the chemistry of the MI. Fast heating
rates result in overheating, and thus overestigdlia homogenization temperature and, perhaps,
dissolving excess host into the melt. Both fashel slower heating rates may lead to irreversible
volumetric and chemical changes within the Ml anavle a homogenization temperature that is
incorrect (Danyushevsky et al., 1997, 2002; Stud&e®odnar, 1999). These modifications, in
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turn, affect our ability to accurately constraire tbompositions and temperatures of magmas at
depth.

Danyushevsky et al. (2002) suggested that MI shbeltieated at a rate of about 100 °C/min
to within ~50 °C of the expected entrapment tempegatThe heating rate should then be
decreased to 2-5 °C/min until all the solids hagsalved back into the melt. Once the solids have
dissolved, the samples should be quenched to aimtaisperature to avoid compositional re-
equilibration (Danyushevsky et al., 2002). In ortteminimize changes in the composition of the
melt, the MI heating experiment should not lastentian 1h, with best results obtained when the
duration of the experiment is between 10 and 30 ({Denyushevsky et al., 2002; Kent, 2008;
Wallace et al., 2015). If the heating experimem&s @nducted using a one-atmosphere vertical
furnace (Nielsen et al., 2017; Bodnar & Student)8)0 some heating experiments in a one-
atmosphere microscope-mounted heating stage sheutdnducted beforehand to determine the
temperature at which the solid phases disappdar&sposito et al., 2012). The homogenization
temperature recorded by monitoring the MI opticallying heating can then be used to establish
the temperature for the one-atmosphere verticabitg experiments as the behavior of Ml during
heating in the one-atmosphere furnace cannot bdtoned directly. Results of previous Ml
studies using a one-atmosphere vertical furnace Wiglded results similar to those obtained with
a microscope heating stage (Nielsen et al., 1986rsSPage et al., 1999; Student & Bodnar, 1999;
Lange et al., 2013; Drignon et al., 2019).

The expected temperature of homogenization of Ml @lso be estimated based on phase
equilibria. For example, Student & Bodnar (2004¢areed petrographic evidence that Ml in quartz
from the Red Mountain, AZ, porphyry copper systearentrapped on the quartz-feldspar cotectic.
Thus, the temperature at which feldspar daughtaerals in the Ml dissolved was interpreted to
represent the trapping temperature, and this veascainsistent with numerical simulations of melt
evolution predicted by the MELTS model (Ghiorso &c&, 1995). In this respect, we note that
essentially all MOR magmas saturated with anodlipitagioclase (such as the plagioclase studied
here) are also saturated with respect to olivimggB, 1983). This provides an important constraint
that, when combined with phase equilibrium calcatet (e.g., MELTS; Ghiorso & Sack, 1995;
Sinton et al., 1993; Kohut and Nielsen 2011), caidgus in establishing the temperature at which

MI and host are in equilibrium. In addition, thenigerature of dissolution of olivine daughter
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minerals in plagioclase-hosted MI from MOR settistpould closely approximate the trapping
temperature (ignoring the effects of pressure onna precipitation).

Prolonged and repeated exposure to elevated ihfgnessures that result when MI are heated
to high temperatures can compromise the structedrity of the host phase and the composition
of MI. As an example, Schiavi et al. (2016) sulgeadlivine-hosted MI from a tholeiite and from
a shoshonite to cycles of increasing and decredsimgerature, resulting in repeated episodes of
over-pressuring (i.e., the internal pressure inMthexceeds the confining pressure). The samples
were heated until the vapor bubbles disappeared, ¢boled until the bubbles re-appeared, and
this process was repeated multiple times. The iitmlas subjected to 1-5 heating cycles, and
the shoshonite to 10-34 cycles. Their objective wwashserve how the olivine-hosts and their Ml
adjusted to pressure-induced deformation resuftiogn heating to high temperatures, and the
manner in which the host surrounding Ml would resérate when subjected to high stress. The
modeled homogenization temperatures for the theleinged from 1,216 °C at 100 MPa to 1,230
°C at 400 MPa. For the shoshonite the modeled hempation temperatures ranged from 1,145
°C and 500 MPa for MI containing 6 wt.%®! to 1,230 °C and 100 MPa for MI containing 1
wt.% HO. Their experiments revealed that the MI re-efralied as a result of the heating
experiments based on two key observations (Scleiasal., 2016). First, during each successive
heating cycle the temperatures at which the saligisolved, and the vapor bubble appeared and
disappeared, all increased (Danyushevsky et d@2;2@assare et al., 2002; Schiavi et al., 2016).
With each successive heating cycle, the vapor leuiMoluld disappear at temperatures ranging
from 2 °C to 69 °C above the previous bubble disapgnce temperature for the tholeiite, and at
temperatures from 0 °C to 48 °C above the previminble disappearance temperature for the
shoshonite. The final homogenization temperaturéhfe tholeiite ranged from 1,328 °C to 1,516
°C and from 1,346 °C to 1,483 °C for the shoshofiitee second observation reported is the
formation of dislocations at the Ml/olivine intecka due to inelastic (plastic) deformation of the
olivine host mineral surrounding the MI (Schiavi @t, 2016). These two observations were
interpreted to reflect the response of the hosenainto the elevated internal pressure in the Ml
that drove deformation, with the increased tempeest of bubble disappearance reflecting a
combination of irreversible plastic deformationtieé host olivine and #D loss.

In similar long-duration heating experiments on kvers et al. (2007) held Ml in quartz
from the Bishop Tuff at 800°C and 100 MPa for pésiof time ranging from 4 to 1,512 hours (63
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days). They documented that an insignificant amairit>O was lost from the MI when the
heating duration was <12 hours, but that ~75% oH#@ had been lost from the Ml after 1,512
hours. These workers did not study the mechanisa»©floss from the MI but assumed tha{H
was lost by diffusion through the quartz host.

Little is known concerning the effects of heatirgjer and run time on the behavior of
plagioclase-hosted MI. It has previously been assuthat MI hosted in plagioclase are less
reliable with respect to volatile loss comparethtwse hosted in quartz and olivine because, unlike
quartz and olivine, plagioclase contains two clgavalanes. However, recent studies have
demonstrated that plagioclase-hosted MI trappethénupper mantle can retain their volatile
content through ascent and eruption (Neave e2@L7; Drignon et al. 2018; Bennet et al., 2019).
Owing to the common presence of plagioclase in mameous rocks, confirmation that
plagioclase is a reliable host for MI provides aditional phase in which to study Ml to obtain
information on the petrogenesis of the rocks. Farrttore, in certain settings such as mid-ocean
ridges, plagioclase-hosted MI can be more primifhigher Mg#) than olivine-hosted Ml in the
same sample, therefore providing information on thae primitive mantle melt chemistry
(Nielsen, 2011; Lange et al., 2013; Neave et all32.

The results presented here are baseth-@itu observations in which plagioclase-hosted Ml
were heated to high temperatures at 0.1 MPa, fatipthe experimental protocol of Schiavi et al.
(2016). We measured changes in volumes of both ml wapor bubbles as a function of
temperature and recorded other evidence of reibratibn, such as formation of fractures around
MI that had re-equilibrated.

2 Materials and Methods

2.1 Sample provenance

The sample chosen for this study (A91-1R) is aipldgse ultraphyric basalt (PUB) from the
Blanco Transform Fault (BTF). The BTF is a 350 lang right-lateral transform fault located off
the coast of Oregon (USA), separating the Juanuda Plate to the north from the Pacific Plate
to the south. The BTF dissects a mid-ocean ridgé, ttwe Juan de Fuca Ridge to the NE and the
Gorda Ridge to the SW (Embley & Wilson, 1992). SE#®1-1R was retrieved at 44°N 12'55”,
129°W 37'9372.2, at 3200 m below sea level (Spi@d7) We selected this sample because it
exhibits a narrow range of anorthite contentgA#), the megacrysts and their Ml have Sr isotopic
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compositions that are similar to their host, ane hagioclase-hosted MI are relatively
homogeneous compared to other PUBs, suggesting remwnaange of homogenization
temperatures estimated at 1,230 °C + 5 °C (Niedsah, 2000; Nielsen, 2011; Lange et al., 2013).
Based on phase equilibria constraints, the meltintaspreted to haven trapped at the olivine +
plagioclase- liquid + spinel invariant point (Osborn and T4i852).

The plagioclase crystals studied measured up toct0id diameter. The samples were doubly
polished using alumina powder to produce flat, g@d wafers for experiments in the heating
stage. At room temperature (before the heatingraxpat), the Ml appear to be dark (opaque)
owing to the presence of numerous tiny daughtestalythat refract the light from the microscope

(Figure 1a).

2.2 3-D image acquisition and processing

Micro-computed tomography (microCT) analyses werdqymed at the Institut des Sciences
de la Terre d’Orléans (Orléans, France) on a Nanai80ONF Phoenix X-Ray. We used an
accelerating voltage of 180 kV, a filament currehi70 nA, and an operating voltage of 120 V.
The plagioclase crystals were individually mountaed a 5 mm-wide carbon-fiber rod using
Crystalbond and placed on a rotating sensor inkiel@&anotom microCT. During acquisition, the
sample rotates 360°, allowing the instrument touaegimages covering all angles. After an
analysis, the stack of 2D images is processedristaact a volume in 3D. The resolution for each
analysis was set to 1.5 um in order to resolveatbj@ few micrometers in diameter. The analysis
produced between 1200 and 1800 images of eachakrgspending on its size, requiring 90 to
150 minutes per cycle. Each crystal was analyzecktgonce before experimentation and once
after) to quantify changes in volumes of both Mdl asapor bubbles.

The volumes were manually extracted using thenswé VG-Studio Max 1.2. A non-linear
diffusion filter was applied to obtain homogeneausl clear images. The volumes of the vapor
bubbles and the MI were extracted with the segntientdool. The software gave volumes in
voxels, which were multiplied by 1.5 (the resoluatiof the analyses) to convert the volumes to
unt, corresponding to the resolution used during tiea@T analyses. These volumes, in turn,
were converted to volumes in &in Table 1 to have the same units as volumes mddarom 2D
(photographs taken on the heating stage) measutempesented in Table 2. The errors on the

volumes were also provided directly by the VGStiwha 1.2 software.
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2.3 Experimental procedure

Following the experimental procedure describe8adhiavi et al. (2016), the plagioclase-hosts
were heated in a Vernadsky-type heating stageeat #iboratoire Magmas et Volcans (LMV,
Université Clermont-Auvergne, France) (Schiano, 300'he objective was to observe the
behavior of the MI and vapor bubbles during incretakheating. The initial plan was to heat the
samples until the vapor bubbles disappeared (asrided by Schiavi et al., 2016) and then
decrease the temperature until the vapor bubblappeared and repeat this process multiple times
and note the temperatures of bubble appearancdisagpearance as described by Schiavi et al.
(2016). Changes in the vapor bubble homogenizdgomperature are interpreted to represent
inelastic volume changes of the Ml as a resulteaiting and/or diffusive loss ofzB from the MI.

We performed 9 experiments (Table 2; Exp #1-9hmfirst two experiments, the samples
were heated in air. However, the remaining sev@e®rments were conducted by flowing He into
the heating stage to minimize heat conduction anilitate temperature control. The experimental
temperatures were calibrated against the meltimpéeature of a piece of Au (1,064 °C) placed
next to the crystal and monitored as the stageheated. The observed melting temperature of
gold was 1,038 °C, representing a temperature toffis@6 °C, which was used to correct the
measured run temperatures (Table 2; Dataset Stindthe experiments, the temperature was
increased at 100 °C/min to ~1,200°C. From theres#mples were heated at a rate of 10°C/min
until all of the solids (daughter minerals) melsgd-1,230 °C (Nielsen, 2011; Drignon et al., 2018,
2019). Starting from room temperature, heatingstimaple until all the solids melted at ~1,230°C
took ~20-40 min. Once all of the crystals had digso) the samples were heated further at a rate
of 10°C/min in an attempt to homogenize the vapditibe. A complete experiment took up to 2h
(Dataset S1).

Changes within the sample were documented by ghegpbing the MI before, during and after
the heating experiments. From these images, waa®d the length of the long and short axes of
MI and vapor bubbles using the microscope softwlaae is calibrated for a specific microscope
objective. These volumes estimated from photogr&pb3 complemented the volumes obtained
by microCT (3D). Following Moore et al. (2015), vassumed the MI to be oblate (ellipsoidal)
and the vapor bubbles to be spherical. Each axasuanement was assumed to be accurate to 0.5
pum, based on the manual measurement precisiorvachigth the software at high magnification.

The uncertainty was propagated through the voluabeutations to obtain the errors associated
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with volume estimates (Moore et al., 2015). Theumwéd of the vapor bubbles was first measured
at the temperature at which the last crystal mehed this temperature, the vapor bubbles were
easily recognized (Figure 1c, Supplementary Fi@ire The second volume estimates were made
upon completion of the experiment and quenchington temperature. We then compared the
difference between the two volume estimates forstimae feature to estimate the volume change
during the experiment. The change in volume of thelt/glass during cooling from the
temperature at the completion of the experiment3p—~ 1,370°C) to room temperature was
negligible compared to the change in volume ofvidyeor bubble during the experiment and was

ignored.

4 Results
4.1 Bubble nucleation episodes during heating enxyssrts

The MI “as found” in plagioclase were completelysiallized, and vapor bubbles could not
be distinguished from the solids in the MI befone theating experiments began (Figure 1la,
Supporting Figure S1). During heating, the cryskagan to melt, and by ~1,200°C a significant
portion of the solids (daughter crystals) had dissi back into the melt, and vapor bubbles
became recognizable and could be distinguished frarsolids (Figure 1b, Supporting Figure
S1). Between 1,225°C and 1,240°C, all solids haltetheand one or more vapor bubbles remained
(Figure 1c, Supporting Figure S1). The vapor bubbdeded to become smaller during heating to
the temperature at which the last daughter crystalsed, but the vapor bubbles never completely
dissolved back into the melt. With continued hegatima temperature that was ~40°C higher than
that at which the last crystals melted, an episddeicleation of multiple, small bubbles occurred
at the Ml/host interface. We emphasize here thaikei the vapor bubbles in the olivine-hosted
MI reported by Schiavi et al. (2016), the originapor bubbles in plagioclase-hosted MI did not

disappear. The reasons for the difference in behavidescribed in section 5.1.

In a second series of experiments (Exp #3-9), imagere collected continuously during
heating above 1,230°C to document the episodesliddflb nucleation. Accordingly, we heated the
samples at 100 °C/min until all of the solids mel{€able 2). From this temperature, the samples
were heated at <5°C/min to record all bubble numeaaepisodes that occurred. During heating,
each sample experienced 2 to 5 episodes of bublleation, with an average of 3. It is notable
that the larger MIX 40 pm) experienced an episode of bubble nucleatianound 1,250°C, while
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smaller MI (20-30 pum) experienced the first episotibubble nucleation at around 1,270 °C. We
also tested whether a long-duration isothermal exy@at would result in additional episodes of
bubble nucleation. In Exp #4, the sample was heatdidl some MI experienced an episode of
bubble nucleation, which occurred at 1,256 °C erlargest MI% 40 um). We then maintained
the temperature at 1,256 °C for 5 hours and maadttire Ml for any additional episodes of bubble
nucleation in the smaller MIl. No additional episs@é bubble nucleation or bubble disappearance
occurred. In addition, the size of the existingaapubbles did not change with time.

Two videos (Movies S1 and S2) were compiled fromages captured during an episode of
bubble nucleation to illustrate the behavior of tiring bubble nucleation events. Movie S1
documents an episode of bubble nucleation in Ml&hd Ml 6_2 (Figure 1; Table 2), two average
sized (30-40 um in diameter) Ml in our sample. MP82 shows an episode of bubble nucleation
at 1,240°C in a large pear-shaped MI. Bubble nticleaccurs at the MI/host interface and the
newly formed bubbles migrate towards and join with original vapor bubble(s) to produce a
single, larger vapor bubble (t= 0:02 seconds onikI&®1 and t= 0:04 seconds in Movie S2). With
each new episode of bubble nucleation, the newinéad vapor bubbles always nucleate at the
same locations on the walls of the MI, rather takrandom locations. The spacing of the bubble
nucleation sites does not appear to be systendwcnewly formed bubbles coalesce quickly with
the preexisting vapor bubble, which appears toobated near the center of the Ml (beginning
from t= 0:19 seconds on Movie S1 and from t= 0:48osds on Movie S2). We emphasize that
the MI are three-dimensional objects, and we aesvivig them in two-dimensions under the
microscope. As such, bubbles that appear to beddda the volumetric center of the MI are
actually located at the highest point (top) witktre 3-dimensional Ml owing to the buoyancy
differences between the vapor phase and the ma#tephe fact that the vapor bubble is located
near the highest point in the Ml can be confirmgddzusing on the Z-(vertical) direction and
observing that the bubble image is sharpest whembfective is focused near the top (closest to
the crystal surface) of the MI. Bubble coalescermmurs quickly, with most of the newly formed
bubbles coalescing with the original vapor bubBle(80-40 seconds. The few remaining smaller
bubbles can take up to 2 hours to merge with thgeetabubbles. Episodes of bubble nucleation
can be repeated at each temperature incrementuvitireaching the MI until a temperature
threshold is reached, beyond which no further bedbldrm, and/or plagioclase host is observed

to melt within the heating stage.
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The phenomena described above whereby bubblesstemtty nucleate at the same location
within the inclusion, and smaller bubbles coalestb the larger bubble, are well known in the
fluid inclusion community (Bodnar, 2003). Bubblesnd to nucleate at imperfections on the
inclusion walls or, if the inclusion contains mpla phases, on the same particular phase every
time. Similarly, the coalescence of multiple smaliabbles to form one larger bubble is referred
to as Ostwald ripening and serves to minimize tirvéase free energy of the system — i.e., one
large phase (bubble) has a smaller surface areparechto multiple smaller phases having the
same total volume as the one larger phase. Thatathich the phases coalesce is a function of
the diffusivity of that phase within the fluid, aride diffusion rate tends to decrease as the

equilibrium radius (volume) is approached, andasadibed according to:

RI_-R® = 8ycu’D

initial t
ORT
g

1)
whereR andRinitia are the average radius of the bubble at tiraed the initial average radius,
respectivelyyis the vapor bubble surface free enegg, the solubility of the vapor (Cpin the
melt, v is the molar volume of CD is the diffusion coefficient for C£n the meltRy is the gas
constant,T is absolute temperature. According to equation (i@ vapor bubble radiuskY
increases in proportion t8”® and thus the rate of bubble growth slows down tes final
equilibrium radius of the single bubble is appraathrhe relationship between particle (bubble)
size, fluid properties, and bubble growth rateusimarized by Finsy (2004).

4.2 Temperature of bubble nucleation episodes

The inferred temperature of entrapment for thesulidied here (~1,230 C) is based on a
combination of incremental heating experiments gas Sinton et al., 1993), phase equilibria
calculations (MELTS; Ghiorso and Sack, 1995) ughe composition of Ml observed for each
heating increment, and agreement between compasitibMI with the associated suite of lavas
(which lie on the olivine/plagioclase cotectic; Men, 2011). The heating stage experiments
described above (section 4.1) support this estinsakds in all Ml homogenized at 1,232 + 5 °C
(1c; Table 2). After all of the solids had melted, fiist episode of bubble nucleation occurred at
1,270 + 16 °C (&; Table 2). In general, the largest Ml tended tovslbubble nucleation before

(at a lower temperature) smaller Ml in the same@an(iTable 2). The highest temperature at
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which bubble nucleation occurred was 1,335 + 321 Table 2), which is ~100 °C higher than
the temperature at which the last solid melted. Mlagimum temperature to which the Ml were
heated corresponded either to the temperature iahwiine plagioclase host began to melt in the
heating stage (all experiments but Exp #7), ot¢heperature beyond which it was assumed that
no new episodes of bubble nucleation would occup@7; Ml 7_1 and 7_2) based on the absence
of nucleation during several tens of degrees ofihg&®eyond the previous temperature of bubble

nucleation.

4.3 Change in size of Ml and vapor bubble volumasng heating

Prior to experimentation, it was possible to extthe volume of the crystallized portion of the
MI by microCT using VGStudioMax 1.2 because of faege density contrast between the
plagioclase-host and the crystallized Ml (Figurg Yée note, however, that the volume occupied
by the daughter crystals and vapor bubble(s) itMhieefore the experiments does NOT represent
the volume of the MI because it ignores the portibthe original melt that crystallized on the M
walls during cooling and is now part of the hosagh As reported by Steele-Maclnnis et al.
(2011), PEC in Ml can represent >30 volume peroétite original melt volume that was trapped
at elevated PT conditions. The volumes of Ml deteed before the experiments are reported
here, but we emphasize that these values shouldenioterpreted to represent the volume of the
originally trapped melt.

After the heating experiments, the MI containe@abgeneous glass phase (+ vapor bubbles),
and the density contrast between the glass in thand the plagioclase hosts was insufficient to
determine MI volumes using VGStudioMax 1.2 softwake such, the MI volumes at 1,230°C
and after the experiment are based on examinatioinadomicrographs (2D) and invoking various
assumptions concerning the Ml shape.

Volumes of vapor bubbles were segmented prior tpast experimentation, except those that
were < 5um in diameter, which is the detectiontliofiVGStudioMax 1.2. for a voxel size of 1.5
pne. Segmentation consists of selecting an objedittere its properties, such as its volume. The
volumes presented here are of two types: 1) voluofidd| calculated from 2D images taken
throughout the experiments following the methodglof Moore et al. (2015); 2) 3D volumes
extracted from the microCT data for vapor bubbkgyre 2). It is important to note here that due

to the large number of Ml within each crystal (50), it was not possible to identify specific Ml
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to analyze both in 2D and 3D. Therefore, the Milyred in 2D form a separate dataset from the
MI analyzed in 3D.

Both the volumes of MI and the vapor bubbles inseglgprogressively during heating beyond
the temperature at which all the solids melted.us@ increases were determined by calculating
the difference (in %) between the final volume ofabject at quench time and either that same
volume before the experiment started (for the vasmstimated from 3D microCT analyses), or
with that same volume measured after all of thelsdlad melted (for the volumes estimated from
2D photographs). We note that the total chang®inme of the MI could not be determined with
confidence when analyzed at room temperature, owmguncertainties associated with
crystallization of melt on the MI walls and poorndéy contrast between MI and host when
analyzed after the experiment, as described incsedtl. Therefore, the MI volume increase
(Table 2) only accounts for the volume increase ticaurred between the temperature at which
the last solid (daughter mineral) melted and aftggnching. From the photographs taken at the
temperature at which the last solid melted andr afteenching, we calculated an average M
volume increase of 34% (range from 6 to 88%; Ta&)leBased on 2D and 3D measurements,
volumes of vapor bubbles increased on average by b0¥00% (range from 62 to ~5,000 %;
Tables 1 and 2). Volumes determined by measuriegvepor bubbles based on 2D optical
appearance (non-microCT volumes) were estimated tfe solid phases had dissolved because
the vapor bubbles were not easily recognized whigeMI were filled with crystals (Figure 1a).
The initial volumes thus represent the volume adtethe solids have dissolved back into the melt

and the final volumes were estimated after quergctirroom temperature.

5 Discussion

5.1 Rheological differences between plagioclaseind, and other phases

The manner in which plagioclase-hosted MI respontedverpressures generated during
heating in this study differs from that reported dtivine-hosted MI (Wallace et al., 2015; Schiavi
et al., 2016). As reported by Tullis & Yund (197#)e predominant deformation mechanism of
plagioclase at low pressures (<150 MPa) is thrahghdevelopment of micro-fractures, whereas
at higher confining pressures dislocation creepiyss the dominant deformation mechanism. In
our experiments at 0.1 MPa confining pressurepthssure at the Ml/plagioclase interface equals
the internal pressure within the Ml (~450 MPa, Ddgret al., 2018), suggesting that plagioclase
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at the interface is likely to deform plasticallyrdbigh dislocation creep. The pressure (stress)
experienced by plagioclase at greater distances flee MI decreases rapidly with increasing
distance from the Ml and approaches the confinreggure of 0.1 MPa. As such, at distances from
the MI where the pressure is <150 MPa, the plagselvill deform brittlely. In contrast, Schiavi
et al. (2016) reported that all irreversible volunt®nges to Ml in olivine were associated with
plastic deformation via movement along dislocations

As noted above, the pressure (stress) in the hostrah surrounding an inclusion with an
elevated internal pressure decreases rapidly wsthrite from the source of the stress (pressure),
i.e., the MI. Ferrero & Angel (2018) provide a dietd summary of inclusion-host systematics
related to these pressure difference. The distobwf the pressure decreases with distance from
the MI, as well as the “stress halo” around theidwl function of many factors. These include the
Ml shape and size as well as the rheological ptmseiof the host phase (isotropic versus
anisotropic). In all cases, however, a heterogenstriess environment is established in the host
phase when the pressure in the Ml is greater thaodnfining pressure on the host. Pukanszky &
Voros (1996) developed a simplified quantitativedeloto describe stress distribution around
inclusions within a homogeneous matrix. They repioat elevated stresses are only experienced
in the host in the immediate vicinity of the indlus, and that the stress decays with distance from
the inclusion such that, at a distance equal todabeis of the inclusion away from the inclusion,
the stress is equal to the background stress (@ogfipressure). Following this logic, we have
developed a schematic representation of the stressonment within a crystal containing Ml of
various sizes and shapes (Figure 3). As shownsitteeof the stress halo around Ml varies in
proportion to the size (radius) of the MI and tvaten two MI are separated by a distance that is
less than the average radius of the two MI, thiegss haloes overlap. This heterogeneity in the
stress environment, in turn, facilitates deforntatib the host phase. We emphasize that the stress
distribution shown in Figure 3 is schematic anth@uded simply to highlight the complexity of
the stress distribution patterns that may develapdrystal in which there are numerous inclusions
of varying shape, size, and proximity to each ather

In all cases, the manner in which a given host nalndeforms in response to an increase in

the internal pressure of a melt or fluid inclusismelated to the rheology and crystal chemistry of
the host mineral. Bodnar (2003) reports that themeaand ease with which fluid inclusions re-

equilibrate correlates with, among other factdrse,Mohs hardness of the host phase. In this case,
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the Mohs hardness of anorthite (~6- 6.5) is notiBagmtly different from that for forsterite (~6.5-
7), so hardness is not likely to be the main redsorthe differing deformational mechanisms
observed in this study compared to that reportedSbiiavi et al. (2016). However, other
rheological and crystal chemical properties of ¢hego phases do show significant differences
that likely control the deformation behavior. Amahgse, olivine is an orthorhombic mineral with
a relatively simple crystal structure and bondingiemnment, whereas anorthite is a triclinic phase
with a more complex structure. In addition, olivislgows only poor cleavage whereas anorthite
shows perfect cleavage in two orthogonal directi@msl Bodnar (2003) reports that minerals
exhibiting perfect cleavage, such as fluorite amdcite, tend to re-equilibrate more easily
compared to minerals with no or poor cleavage, fgljuartz. Perhaps more importantly, the
linear coefficients of thermal expansion of forigeta = 11.2x 10° K, b= 16.7x 10° K%, ¢ =
14.6x 10° K1) are fairly similar, indicating that thermal exjgéom is nearly isotropic in forsterite
and introduces little stress on the crystal latt&se expansion occurs (Smyth et al.,, 2000).
Conversely, the linear coefficients of thermal engpan of anorthite show large differences and
vary with composition and temperature, resultingsignificant anisotropy during thermal
expansion, with the phase expanding in two crysgadiphic directions and contracting in the third
direction (Tribaudino et al., 2010; Tribaudino &t 2011). According to Tribaudino et al. (2010)
“The thermal expansion ellipsoid is very anisotopn all plagioclase, with the direction of
maximum thermal expansiorg@ccounting for 70% or more of the total volumpansion”.

As a result of these various rheological and ctydtamical differences, we would expect
olivine to deform through plastic deformation asatexd with movement of dislocations, whereas
plagioclase would deform plastically near MI whélne pressure (stress) gradient is large, and
deform brittlely away from M| where the stress @owment is controlled by the anisotropy in
thermal expansion behavior (see Table S1 for a samnf the physical properties of minerals
that affect re-equilibration behavior of fluid antklt inclusions). These differing deformational
behaviors agree with our observations and thosartexpp by Schiavi et al. (2016).

We may extend these principles to predict the mammehich melt (and fluid) inclusions in
other minerals might respond to high internal puess generated during heating experiments. We
might expect garnet, which is a hard (6.5-7.5)nstrvic phase with no cleavage to respond to high
internal pressures in Fl and Ml by deforming plesty by movement along dislocations. Zircon
might be expected to behave in a similar manner @15-7.5; tetragonal; imperfect cleavage),

This article is protected by copyright. All rights reserved.



although zircon does show a coefficient of therexgdansion in the-direction that is about twice
as large as that in tledirection (Table S1). Conversely, pyroxenes aigh#ly softer (H = ~5-
6.5), have good cleavage in one direction, and ghoderate anisotropy in thermal expansion as
a function of crystallographic direction. As suale might expect Ml and Fl in pyroxene to behave
in a manner similar to that observed for plagicelaslpha-quartz is a hard (H = 7), hexagonal
phase with no cleavage and might be expected tavieelh a manner similar to that of olivine or
garnet (Table S1). However, many (most?) Ml in guarould have been trapped in the beta-
quartz stability field and would have crossed th@ transition during cooling to ambient
conditions, and again during heating to homogemnatn the alpha-quartz field, the coefficients
of thermal expansion in thee andc-directions are similar and change in a similar nerwith
temperature (Table S1). However, atdti@ transition the thermal expansion coefficients dase
significantly and remain constant with increasiegiperature in the beta-quartz field. While little
attention has been focused on the potential impfatie phase transition on the behavior of Ml in
quartz, Bodnar et al. (1989) reported that esdgnt@dl FI in quartz decrepitated at thee3
transition during heating.

5.2 Mechanisms of bubble nucleation

Episodes of bubble nucleation coincide with episoofedeformation of the host plagioclase
to increase the MI volume, and relieve the stressted on the inclusion walls, thus resulting in a
pressure decrease in the MI. This episodic stegigction is accomplished through a combination
of two related inelastic, irreversible deformatipnocesses, one involving plastic (ductile)
deformation of the plagioclase host and the otheolving brittle deformation of the host. The
manner in which bubble nucleation occurred, witbtidas first nucleating after ~40°C of heating
above the temperature at which the daughter mmeiasolved, followed by additional episodes
of bubble nucleation, suggests that the host ptdage surrounding the Ml is initially deforming
plastically as the internal pressure increases lgléwt continuously. With continued heating
beyond the temperature at which the solids dissdhe host plagioclase continues to deform
plastically as the internal pressure increases aritacture develops in the plagioclase, resulting
in an instantaneous and relatively large volumeease and concomitant significant decrease in
internal pressure, leading to an episode of bubbtdeation. With continued heating beyond the

temperature of the first nucleation event, thermdépressure in the Ml again increases and causes
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the original fracture to propagate and increasevtiieme further after only a few degrees of
additional heating.

The fractures develop in the host plagioclase imately surrounding the MI, driven by
increases in the internal pressure in the includinng heating. If some portion of the inclusion
contents is lost (separated from) the inclusionirgdufracturing, this process is referred to as
leakage, or partial or total decrepitation in thedf and melt inclusion literature (depending on
how much fluid is lost from the inclusion) and repents one endmember in the overall re-
equilibration process (Bodnar, 2003; Nielsen et #098). Leakage and decrepitation result in
changes in the composition and/or volume of thearemg fluid in the inclusion. In the present
study, although fractures develop in the plagiaelsisrrounding the MI, the fractures appear to
end within a few micrometers of the original MI/hosterface (see yellow arrows in Figure 4 and
Nielsen et al., 1998). As such, no material is (ssparated) from the Ml as a result of fracturing
and the melt that enters the newly formed fracttgesins in contact with, and is contiguous with,
the original melt. The fracturing events observedhis study thus represent an isochemical
process whereby the volume of the Ml increasesawittoss of material or change in composition.
Note that this does not preclude the possible dbs®mponents via diffusive exchange between
the melt and host or external environment, whichl@mot be monitored in this study. Owing to
the increased volume and concomitant decreasedypeeis the inclusion associated with fracture
development, episodes of bubble nucleation are desitlp associated with fracturing events.
Fracturing of the host is usually initiated at metgeneities such as pre-existing microcracks,
cleavage planes and Mi/host interfaces (Tullis &8u1977; Tait, 1992; Mayer & Mayer, 2016),
and, in general, larger MI are more likely to dgdtate compared to smaller inclusions at similar
conditions (Zhang, 1998; Bodnar, 2003). Note iruFegic that two well-developed fractures occur
at 180° from each other and appear to be crystalpdgcally controlled, as is often observed with
fractures associated with fluid and melt inclusionquartz that have experienced re-equilibration
(Figure 1 of Vityk et al., 1996).

In addition to deformation of the host plagioclasigacent to the MI, fractures also develop in
the host plagioclase at some distance from MI. &lfiectures, which are oriented in two different
orthogonal directions that are consistent withdleavage directions in plagioclase, are unrelated
to the MI and are interpreted to be associated wéterogeneous stress accumulation in the

mineral during heating, consistent with the thereglansion anisotropy of plagioclase. As noted
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by Tribaudino et al. (2010), anorthitic plagioclasehibits extreme anisotropy in its thermal
expansion properties, and this would lead to theeld@ment of significant differential stress
within crystals during heating and cause fractucedevelop along planes of weakness such as
cleavage planes. These fractures are unrelatbée tdkre-equilibration unless they occur in close
proximity to and intersect a MI.

The third type of fracture observed are those dlcatir mostly in the glass phase within the
MI. These are the ubiquitous “quench cracks” tloatnf when any molten or liquid material,
including silicate melts, molten steel, and othetenals, including £D, are quenched quickly.
The fractures form because stresses generatechwtiithimaterial owing to thermal contraction
can no longer relax because the material beconoegigoous to flow (Tait, 1992; Zhang, 1998).
Such fractures develop at or slightly below thesglaansition temperature during quenching and
may extend into the surrounding host phase (seengagrows in Figure 4c). Quench cracks
generally start at some discontinuity in materfisperties, such as at the interface between the
void that was formerly occupied by the vapor buldsl&om the Mi/host interface. As such, many
fractures in the glass appear to extend radiatiynfthe void space that formerly contained the
vapor bubble (Figure 5b; Supplementary Figure S2).

5.4 Increase in volume of vapor bubble as a reguk-equilibration

If we assume that the MI represent a closed systerh that the volume available to the melt
+ vapor bubble(s) increases during the experimdntsno material is lost, as suggested from
observations of the MI during and post-experimetitg, expected volume changes may be
calculated based on PVTX data for afOHCO-melt system. As the volume of the Ml increases,
the internal pressure in the MI decreases. Thigjrim causes more G@ exsolve from the melt
because C@solubility is strongly pressure dependent. Thisledl@ssumes that the volume of the
void space in the plagioclase that is availableatierMI to occupy increases as a result of plastic
and brittle deformation of the host, and that tlessof the melt phase remains essentially constant
during this process. As such, all the volume inseeia accommodated by the vapor bubble. We
therefore estimate the increase in volume of theliing re-equilibration and then add this to the
original volume of the vapor bubble to estimate Yioiume percent increase in the size of the

bubble as a result of re-equilibration.
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At 1,230°C and 450 MPa, the solubility of €@ an HO-free basaltic melt is ~2,460 ppm
(Newman and Lowenstern, 2002). We recognize thaemecent and detailed models for the
solubility of CQ in silicate melts are available. However, for thisiple example we are only
concerned with the relative changes in&0lubility with pressure. As the pressure in the M
decreases, so too does the solubility of,@®the melt. Thus, at 400 MPa and 1,230°C, the
solubility of CQ in the melt decreases from the initial 2,460 ppn2,136 ppm. This difference
represents the amount of €at will exsolve from the melt into the vapor bidga At these new
PT conditions (1,230°C and 400 MPa), the densit¢©0f equals 0.637 g/ctnFollowing a mass
and volume balance approach and assuming an initiae of 100 cri(because this is a mass
and volume balance calculation, the volume choses dot affect the result) and a £€aturated
melt with a density of 2.7 g/cinthe vapor bubble would contain 0.0883 g-Cénd the vapor
bubble volume would be 0.139 énAs a first approximation, we assume that the mauwf the
melt phase remains constant as the pressure desreas 450 to 400 MPa and 0.0883 g of.CO
are transferred from the melt into the vapor bubBle such, the volume of the vapor bubble
necessarily equals the increase in volume of thedquired to accommodate the vapor bubble
and melt phase. For this example, the MI volumeegiases from the initial volume of 100 tto
the new volume of 100.14 énrepresenting a volume increase of 0.14 volumegmer This same
approach was applied to determine the increas®lume of the MI at various other pressures
between 450 and 50 MPa, and the estimated incrnedise volume of the Ml ranges from 0 at 450
MPa to 3.7 volume percent increase at 50 MPa.

As noted in section 4.1, during heating of Ml iagibclase, the vapor bubble did not dissolve
back into the melt. Thus, at 1,230°C, the tempegas which all of the daughter minerals and
PEC have dissolved back into the melt, the Ml stithtained a vapor bubble. Based on the results
presented above, we have calculated the percemiase in the volume of the vapor bubble for
three difference scenarios, assuming that the Vaydable at 1,230°C represents 1, 2 and 5 volume
percent of the MI volume. Accordingly, the vapoibbie that fills 1 volume percent of the Ml
volume at 1,230°C increases by 184 % as the presmareases from 450 to 100 MPa. Similarly,
the vapor bubbles that originally occupied 2 anablbime percent of the Ml at 450 MPa increase
by 92 and 37 volume percent, respectively, ovardhime pressure range. These calculated values
are at the lower end of the range in volume pereapor bubble increase estimated from 2-D and

3-D observations of the MI before and after theegxpents (Figure 6). This is because they are
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based only on the vapor bubble size required tdatorthe calculated amount of C@ith the
known CQ density at the various PT conditions and do ric tato account the additional volume

increase associated with deformation of the hagjiptlase.

5.5 PTt History of Ml Following Entrapment

At the time of entrapment, we can assume that tegspre in the Ml (internal pressure) is the
same as the confining pressure on the host phasesWnate this pressure to be ~ 450 MPa based
on CQ concentrations in the MI (Drignon et al., 2018edeasing temperature and pressure
during magma ascent to the seafloor leads to nuadifins within the MI. Vapor bubbles form
through volatile exsolution from the melt, likelyelto PEC formation as well as from cooling and
depressurization during magma ascent. The samiptiesdt here erupted and quenched on the
seafloor at 32 MPa (Sprtel, 1997), which represt#msconfining pressure at which the Ml were
naturally quenched. As the confining pressure desaeé from 450 MPa to 32 MPa, relaxation
(elastic volume changes) would have occurred a$iheonditions changed during ascent. The
volume of the host and its contained MI would tletrange by some amount that reflects the
combination of volume decrease owing to the deextsmmperature and volume increase resulting
from the decreasing confining pressure. In gendralyolumes of the host and MI would decrease
during ascent because volume changes associatedheimal expansion are typically about an
order of magnitude larger than volume changes &ssdc with pressure fluctuations over
reasonable ranges of P and T in the crust and upaetle. Once retrieved from the seafloor and
brought to the laboratory, the confining pressudrthe quenched plagioclases became 0.1 MPa.

During experimentation at 0.1 MPa, we submittedtdhyamd MI to overheating for various
amounts of time. At ~1,230 °C, all solid phasesah&sl but the vapor bubbles remained. At
~1,270 °C, microcracks began to develop along ctgapéanes as the host plagioclase began to
deform brittlely owing to the thermal expansionsaiopy of the host combined with the stress
heterogeneity within the plagioclase crystal. Fuging in the vicinity of Ml leads to an increase
in MI volume and concomitant decrease in pressalievied by CQ exsolution and bubble
nucleation (Figure 7a).

As the temperature was increased above ~ 1,27@janal increments of fracturing and
expansion occurred, leading to a decrease in teena pressure in the MI. This in turn, led to
additional episodes of bubble nucleation, migratiand coalescence (Figure 7b). Once a
nucleation site appeared, bubbles nucleated atsnge location each time that new bubbles
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formed. Newly nucleated bubbles coalesced quickti the original vapor bubble and resulted
in an increase in the vapor bubble volume (MovigésaBd S2). Based on isochemical behavior
calculations, the vapor bubbles should only inazéasvolume by a ~*@o 1¢ volume percent.
Our volume estimates indicate vapor bubble volunweases ranging from 62% to >1,000%
(Figure 6b) due to plagioclase deformation. The Wllume also increased throughout the
experiments. The calculations made in sectionévédaled that Ml volume increases should be on
the order of ~3 to >40 volume %. These calculatégesgsare in general agreement with the percent
volume increase shown in Figure 6a, most of whieh<d0 volume percent. The calculated and
observed increases in Ml volume shown on Figuraréahus in reasonable agreement, given the
uncertainties associated with measurements of therld vapor bubble before and after the
experiment, combined with additional unknown urmeties associated with the assumption that
the vapor bubble contains pure £0

6. Broader Implications

As the application of MI to study magmatic procedsas increased in recent years, researchers
have begun to study Ml in a wider range of hosspBaPreviously, most studies of mafic systems
have focused on Ml in olivine (Wallace et al., 2p)24nd studies of more felsic systems have
focused mostly on Ml in quartz (Bodnar and Stud2@@6). During the past few decades, studies
of Ml in zircon (Thomas et al., 2003), orthopyroreand clinopyroxene (Severs et al., 2009),
plagioclase (Nielsen 2017; Drignon et al., 201&pheline (Fedele et al., 2003), and other host
phases have become more common. And, while thguiikeation behavior of Ml in olivine
(Danyushevsky et al., 2000) and in quartz (Seveed.e2007) are reasonably well understood,
less is known about the integrity and re-equililmatoehavior of Ml in other phases. Here, we
document the mechanisms associated with re-ecgtfilior of Ml in plagioclase and show that the
re-equilibration behavior is related to the crystaémical and rheological properties of the host
phase. As such, the results of this study, conabwi¢gh available data for the crystal chemical
and rheological properties of other phases, brusgstep closer to understanding how Ml in these
other phases might respond to increased intermslspres generated during microthermometric
experiments. However, additional studies of suitewell-characterized Ml in these other host

phases are needed to better understand the medsaassociated with re-equilibration and, more
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importantly, chemical, and physical features thaghthbe examined to determine if, and to what

extent, the Ml have re-equilibrated.

7. Conclusions

We conducted experiments on plagioclase-hostediMlorder to understand the re-
equilibration behavior of MI during laboratory hiegt. During laboratory heating the internal
pressure in the Ml increases. To reduce the pressuhe MI, plagioclase host surrounding the
MI undergoes both ductile and brittle deformatiomicrease the volume of the MI. The decreased
pressure in the MI, in turn, leads to volatile dyion from the melt. With each heating increment
above the temperature at which the daughter mmeiasolve, the pressure increases, leading to
additional deformation (volume expansion) and asveiated decrease in the internal pressure,
and further exsolution of volatiles from the mépisodes of bubble nucleation start at ~40°C
above the MI entrapment temperature (assumed exbal to the temperature at which the last
daughter mineral dissolves) and the MI volume iaseeis manifest as a larger vapor bubble after
each increment of overheating because, to a fpgroaximation, all of the system volume
expansion is accommodated by the bubble volume.

The manner in which the host surrounding an inolugesponds to increased pressure is a
function of the rheological properties of the holsase. Olivine responds to the increased pressure
by undergoing dominantly plastic deformation assted with movement along dislocations,
reflecting the fact that olivine is a hard minenath only poor cleavage and relatively uniform
thermal expansion behavior in all directions. Caosgly, anorthitic plagioclase is softer than
olivine, exhibits two perfect cleavage directionsdashows significant thermal expansion
anisotropy. As a result, a heterogeneous stressoanvent develops around pressurized Ml in
plagioclase, and the crystal responds through auowtion of brittle and plastic deformation to

increase the MI volume and reduce the pressuresgtdifferential between the Ml and host.
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Figure Captions and Tables

Figure 1. Photomicrographs of Ml 6_1 and MI 6_2 from Exp. #&) Photo taken at room
temperature and before the heating experiment. thatehe Ml appear to be opaque and the vapor
bubbles cannot be distinguished from the solidsha MI. b) Photo taken at 1,200°C after a
significant amount of melting of daughter crystaés occurred. At this temperature it is possible
to recognize a vapor bubble in Ml 6_1 as shownhgylilack arrow. c) Photo taken at 1,225°C,
immediately after the last solid phase has disshlsee Table 2). The vapor phase represents <5
vol.% of the MI volume in both MI. Note that MI 6 cdntains multiple vapor bubbles that have
not yet coalesced. d) Photo taken at room temperatiter quenching. Photomicrographs of the

other MI examined in this study can be found in8ufing Figure S1.

Figure 2. 3D volumes reconstructed on VGStudioMax 1.2 fidiaroCT analysis for Ml 7_5
and 7_6 (see volume estimates in Table 1). Theifesshown in yellow represent volumes of
vapor bubbles measured at 1,230°C; the featuresrsho blue represent volumes of the same
vapor bubbles measured at room temperature afearofping following the heating experiments;
the features shown in red represent the volum#éseoil measured at room temperature, prior to
the heating experiments; the grey volume is thgiptdase host. The superposition of the two full
volumes (plagioclase-host + vapor bubbles + MIpiptd and post experimentation was possible
with VG Studio Max, hence allowing for direct viszation of the vapor bubble volume increase.
a) To the left, the initial vapor bubble of Ml 7i6in yellow and appears above the final vapor
bubble in blue. To the right, the two initial vagaubbles of MI 7_5 appear in yellow below the
final coalesced vapor bubble in blue. b) The saapmow bubbles shown in cartoon a) are shown,
along with the original volumes of MI 7_6 at thettom left and 7_5 at the top right in red. Note
that the volumes of Ml 7_6 and MI 7_5 after the exmpent are not shown as VGStudioMax 1.2
could not distinguish between the glass in the Ml the host plagioclases. c) The vapor bubbles
and MI shown in a) and b) are shown, along withglagjioclase-host that appears in grey. The
host has been truncated to show Ml 7_5 and MI @) @.he vapor bubble and MI volumes are

shown along with the host at a single plane inotverall scan.
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Figure 3. Schematic representation of the stress fieldcestsal with Ml in which the internal
pressure is higher than the confining pressurehenhbst phase. a). Schematic representation
showing MI of different sizes and shapes. The graa refers to the Ml and the red lines around
each MI represent a distance of approximately adaus from the MI. Note that the red lines for
some Ml overlap. The bowtie-shaped Ml in the udpéiris meant to represent the pear-shaped
MI shown in the video S2 in the Supplementary Infation. b) Distribution of stress (pressure)
in MPa in the host mineral associated with pregedriMI. The calculated stress assumes a
pressure of 450 MPa at the Ml/host interface, are$gure decreases linearly to 0.1 MPa at a
distance of ~ one radius from the MI. Note thatdimsely spaced MI the stress fields overlap,
and for Ml located close to the edge (surfacehefdrystal the elevated stress field extends to the
crystal edge (surface). The heterogeneous stresoement in the host plagioclase facilitates

deformation associated with elevated internal pressin the MI.

Figure 4. BSE images of Ml in plagioclase following the hieg experiments. Yellow arrows in
a-c identify fractures that developed in the platziee host during re-equilibration in response to
the elevated internal pressures in the MIl. Theenlation that the fractures are filled with glass
indicates that the fractures developed at high &zatpre while the MI contained a melt phase.
Other fractures (highlighted by green arrows in)‘afe empty (not filled with glass) and indicate
that these represent quench fractures that dewklyréng the quench at temperatures near or

below the glass transition temperature.

Figure 5. a) BSE image of a Ml after all solid phases haegrbhomogenized (melted). The vapor
bubble is near the wall of the MI and representshrass than 5 volume percent of the MI. No
cracks are visible within or near the MI. b) SEMaige of a MI that experienced multiple episodes
of bubble nucleation. The photo was taken aftemghimg to room temperature. All the newly
formed bubbles coalesced to form a single, largbble. Cracks are observed propagating through
the glass to the wall of the inclusion. The yellawow shows a crack that formed at magmatic
temperature, illustrated by the presence of glassdt) within the crack. The crack indicated by
the green arrow is not filled with glass and isesaample of a crack that formed below the glass
transition temperature during the quench. Imagesiditional M| are available on Supplementary
Figure S2.
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Figure 6: a) Percent increase in volume of MI based on 2RBsuements at ~1,230°C (after all
daughter crystals had dissolved) and after quegcairthe completion of the experiment (data
from Table 2. b) Percent increase in the volumeapbr bubbles based on 2D measurements (data
from Table 2). Also shown on “b” are contours (gEEhed lines) showing the volume percent
increase of the MI required to produce the obsema@dme percent increase in vapor bubble
volumes, assuming that the vapor bubble initiatlgupied 5 volume % of the MI at the beginning
of the experiment (~1,230°C).

Figure 7. Schematic representation of the evolution inrmdepressure in Ml in plagioclase during
heating. Before the heating experiment (at roonptature), the Ml contain a mixture of fine-
grained daughter minerals and one or more vapoblbsb(A). During heating from room
temperature, plagioclase that precipitated on thevdlls as post-entrapment crystallization (PEC)
and daughter minerals that precipitate from thet lpegin to dissolve and at ~1,230°C (point B)
all solids have melted, leaving an MI containingnelt + vapor bubble (C). With continued
heating, the internal pressure in the Ml increasds the pressure exceeds the yield strength of
the plagioclase host and the MI volume increasesutih a combination of plastic deformation
and development of micro-fractures in the plagiselaurrounding the MI. The internal pressure
decrease associated with the MI volume increasde@d)s to an episode of bubble nucleation as
CO, exsolves from the melt. With continued heatinglisdnal episodes of fracturing, Ml volume
increase, internal pressure decrease, and vapdieombicleation occur (E). If fractures that
develop in the host are connected to the MI, millienter the fractures (point E) (see also Figures
5a-c; 6b). At the end of the heating experiment (k@ MI contains melt + one or more vapor
bubbles. During the quench additional fracturesetigy in the plagioclase host. If the fractures
develop while the Ml still contains a melt phaseslthwvill enter the fractures (point G). Quench
cracks may develop in the glass in the MI duringidacooling (point H). If the temperature is
close to the glass transition temperature wheraetdre develops, the highly-viscous melt (or
glass) will not flow into the fracture, leaving ampty fracture in the surrounding host (point I)
(see also Figures 4c; 5b).
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Table 1. Volumetric data for melt inclusions angeabubbles obtained from microCT imaging.

sampeepy | 'iaVemeM | iyoimeys | Fnalyobmel® | e
11 37.90 £0.07 0.81 +£0.09 13.10 £ 0.30 1528
12 29.00 £ 0.06 0.64 + 0.06 26.407 £0.34 4011
13 269.00 £ 0.08 3.16 £0.19 159.00 £ 0.25 4920
14 244.00 £ 0.07 6.61 + 0.27 198.00 £ 0.41 2894
15 39.00 £0.07 3.89 + 0.269 20.40+£0.44 426
16 90.20+£0.12 1.63+0.19 83.30+0.41 4999
17 32.70 £0.13 1.28 +0.19 25.20+£0.44 1868
75 408.00 £ 0.34 14.6 £ 0.37 29.60 £ 0.37 102
76 81.70+0.11 3.30 £ 0.09 59.40 £ 0.57 1702

Sample Exp # - corresponds to the experiment nufollewed by the melt inclusion #.

Initial Volume MI - initial volume of the MI prioto heating.

Initial Volume VB - vapor bubble (VB) volume prito heating.

Final Volume VB - VB volume after completion of tegperiment and quenching to room temperature.
%AV VB - volume percent increase in vapor bubble siiter the heating experiment.
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Table 2. Volumetric data for melt inclusions angaabubbles obtained from photographs.

Sample Exp Homogenization Tempe_rature Temperature Mi volume; at Final MI , %AV Ml Zrom VB voILJme at3 Final VB . %AV VB cfrom
4 Temperature _of first _of last 1232 +5°C volume (cm 1232 +5°Cto 1232 +5°C (cm? x volume (cm 1232 +5°Cto
(°C) episode (°C) Episode (°C) (cm®x 10°%) x 10°9) quench 1010 1010 quench
3.1 1232 1271 1367 22.30 £0.95 322+1.21 86.65 0.99£0.24 15.30 +1.55 1451
3.2 1232 1271 1367 20.30+0.89 38.00+1.35 18.63 1.75+0.35 20.40+1.88 1064
3.3 1232 1271 1367 22.00 £0.94 26.10 £1.05 18.63 1.91 £0.37 22.70 £2.03 1091
51 1239 1252 1295 3.60+1.31 42.80 £1.46 18.22 0.70 £0.19 28.60 £ 2.37 3977
52 1239 1267 1295 10.80 £0.59 146 £0.71 35.70 1.74£0.35 411 +0.63 136
53 1239 1267 1295 9.18 £0.52 10.9+0.58 18.26 1.41 £0.30 2.27+0.42 62
6_1 1225 1287 1322 15.20 £0.73 16.00 +0.76 5.64 1.44+£0.31 5.15+0.74 257
6_2 1225 1287 1322 24.60+1.01 32.20+x1.21 31.32 2.31+0.43 5.98 £0.82 159
6_3 1225 1287 1322 22.7£0.98 27.40+1.10 20.35 220+041 6.66 = 0.88 202
71 1231 1288 1366 5.34 £0.36 6.68 £0.42 24.98 0.84 £0.27 5.28 £0.75 527
72 1231 1288 1366 6.19 £0.40 9.36 £0.53 51.26 0.62 £0.17 6.65 +0.88 976
7_3 1231 1243 1366 9.76 £ 0.54 13.50 +0.67 38.13 2.13+0.40 17.60 +1.70 726
7_4 1231 1243 1366 16.7 £0.78 31.40+1.19 87.97 3.07 £0.52 23.60 £ 2.08 669
81 1230 1264 1302 30.2+1.16 33.30+x1.25 10.43 3.96 £0.70 14.20 + 1.47 258
91 1240 1264 1301 1.61+0.17 2.20 £0.20 37.2 0.06 = 0.047 0.28 £0.13 416
A"(elr(";‘?e 1232 +5 1270 £ 16 1335 + 32 33.56

Sample Exp # - corresponds to the experiment nufollewed by the melt inclusion #.
Homogenization temperature - temperature at whie@ Bissolution occurred
Temperature of first episode - temperature at wttietfirst episode of bubble nucleation occurred

Temperature of last episode- temperature at wiiehatst episode of bubble nucleation occurred

MI volume at 1232°C+ 5°C - volume of the MI at PE{Ssolution temperature.
Final Volume MI - Ml volume after completion of tlexperiment and quenching to room temperature.
%AV MI - volume percent increase in Ml size after tieating experiment.
Volume VB at 1232°C+ 5°C - vapor bubble (VB) volerat PEC dissolution temperature.
Final Volume VB - VB volume after completion of tegperiment and quenching to room temperature.
%AV VB - volume percent increase in vapor bubble siiter the heating experiment.
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a) Vapor bubble volumes b)

before experiment MI volumes before

experiment

Vapor bubble volumes —
after experiment 10 ym

Plagioclase Exp # 7
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0.1 MPa ' 0.1 MPa
1,230°C After the quench
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