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To understandhe processethat leadto the formation of the oceanic crushe must
know the composition and the dépat which primary melts originat&€owards this endhis
dissertation focusemn plagioclasénosted melt inclusions from plagioclase ultraphyric basalts
(PUBSs). Plagioclase is usually considered to be the second phase, after alivities
crystallizaton sequence of midcean ridge basaltslowever,the relatively low density of
plagioclase makes it possible for melts to carry them from great d¥jotlasileswere analyzed
in plagioclasehosted melt inclusions from PUBs from the Blanco Transform kaulganew
approachthat analyzeshe CQ content trapped in bottine glass angapor bubbles of melt
inclusions.This technigue revealed that 60 to 90% of the iS@apped within vapor bubbles.
More importantly, minimum entrapment pressures calculdtech CO+H.O analyses
demonstrated upper mantle origins of the plagioatagstalswith pressures averaging 3.5 to
6.5 kbars.

To obtain reliable analyses, our samples had to be homogenized to dissolve post
entrapment crystallizatio(PEC) backinto the mé of melt inclusions.The homogenization
temperatur@ised wad 230°Cfor the specific sample studied, basedl@anorthitecontent of
the plagioclase crystalsngs:o. These experiments, performed on a-atraosphere vertical
furnace revealed a more pritive composition of the melt inclusions compared to typical
MORB glasse§Mg# 67.53+2.48 #). Time-series heating experiments perfornfemin 30
minutes to 4 daydocumented systematic changes in the composition of the melt inclusions.
This illustratedthe importance of requilibration processes, as well as the importance in

understanding theffects of heatingexperiments of melt inclusions. After 4 days, the melt



inclusiors experiencedn average af5% increase in C@in the vapor bubbléNith time, the
melt inclusioncompositions drift toward higher Si@nd MgO, and lower ADs, CaO and
N&O. The increase iMgO in the melt inclusioris paired with diffusion of MgGrom the
plagioclasecrystalsto the melt inclusions. These diffusion profiles exighie longer run time
experimentsCrystal/meltpartition coefficientsor Mg (Dwmg) calculded in our 3@minute and
4-day runs demonstrated an actirrelation exists betweenmy and plagioclase anorthite
content inthe 30-min runs,and inthe 4-day runsthe anticorrelation isannihilated and the
Dwg decreasetby 25%.

The chemistry drifts andincreasing C®@ partitioning can be attributedo re-
equilibration process Crystal relaxation corresposit 0 a v ol ume i ncrease
structure by remaining at high temperatures for an extensive amount dttysil relaxation
likely induced gpressure drop within the melt inclusions, which explains the increasezn CO
partitioningwithin vapor bubbles andnhanced diffusive exchange between the plagioclase
crystalsand their melt inclusion®erforming heatingtage experiments on a Vernadshksk
we observed that plagioclabested melt inclusions behave differently from olivimested
melt inclusions. Instead of having the vapor bubbles disappearing past the homogenization
temperature, the melt inclusions experienced episodes of bubbletimncléaeach increment
of temperature starting about®@above the homogenization temperature, a new episode of
bubble nucleation would occufFhese episodes are likely the results of a pressure gradient
forming between thetill pressurized melt inclusins and thie relaxed hosplagioclaseBoth
the melt inclusions and vapor bubbles increased in voldrhe.melt inclusions volume
increase is limited by the low coefficients of expansivity ofrthestplagioclase, whereas the
original amount of volatilglissolved within thenelt inclusionsonstitute the vapor bubbke 6

expansion threshold.
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An Experimental and Analytical Investigation of the Parameters that Influence
Measured C@in PlagioclaseHosted Melt Inclusions in MORBs

Chapter @e

General Introduction

Mid-ocean idges (MORs)are the mostvolumetric significantvolcanic featurs on
Earth.Sincethediscovergf t he ext ent t o whi c h, thed85000d o mi n &
km long featurefiave beerthe focus of extensiveesearchThe compositions of midcean
ridge basalts (MORB®ruptedat MORsas well as the extensive magmatism that makes up the
lower and middlerust (Coogan, 2014) have long been used as proxies for the processes active
in the upper mantleDue totheir large volume angrimitive character MORBs aremost
valuable regarding our understanding ofttleat and mass balance of tha r ugp&mnsantle
Most investigationsiavefocused on MORB glasseshich are thdast product to be formed
by quenchingluring an eruptionMORB glassesaught us a great deal ¢ime composition of
the oceanic crust and how mantle melts are modified through fractionatismg and
assimilation(Coogan, 2014Winter 201%. However crustal processes have modified their
chaacter to the extent that information emagmatic processeis the mantle have been
obscured. Thereforene must look at more primitive melt sampl€s.find the mossuitable
samples, one ost understand where to find them based on the structure of¢aaic crust.

Currentmodels for the formation of the oceanic crust invahaedting via nealadiabatic
decompressiomelting (Coogan, 2014). Those meltsm from high extents of melting {8
20%), andoriginate from the depleted upper mantighich has bee extensively and
continuously melted since its formati@flein and Langmuir, 198). Once generated, the melts
percolate through the oceanic crugt multiple melt lensesand mush zonesitruded by dis
and dikes forming pathwaysr melts toreachthe seafloor Small ephemeral mush zones have
been imaged under fast spreading ridges, whereas it is thihaglat slow and intermediate
spreading ridges, meléscend and erupt without pawusethe oceanic seafloCoogan, 2014)
This observation, togethevith the study of MORB compositionbrought tolight the more
primitive nature of MORBs erupted at slow and intermediate spreadingsriddere no
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reservoir provides thgossibility for melts to evolve further in the upper crii$tis observation
agres with the decrease of Mg#nd the CGenrichment from assimilated hydrothermally
altered crust at fastpreadingidges(Nielsen et al., 200(Rubin and Sinton, 200 Michael and
Schilling, 1989) Therefore, to capture the most primitive melts represeataf the upper
depletednantle, samples coming from slespreading ridges are maappropriatelt is at slow
and intermediate spreading ridges that plagioclase ultraphyric basalts) @uUgts

PUBs are found worldwide. These rocks afined as MORBwith >15 vol%
plagioclasemegacrysts (0:2 cm) with smaller andess abundanblivine and spinel. The
crystals arentrained ima glass thahas the same compositiastypical aphyric MORBsThe
plagioclase megacrystsowever are highly anorthiti¢Ango to Angy. This primitive character
is not in equilibrium with the host MORB glasses in which the plagioclase megaargsts
enclosed(Lange et al., 2013)Therefore,the plagioclase megacrysts represent a unique
opportunity tounderstandhe primitive rature ofthe magmatic processes responsible for the
oc e ani cfornsation.s EFod ®is purposestudying melt inclusions present vhin the
plagioclase megacryspgovidesa new approach with promisimmgitcomes

It is often assumed thatett inclusions,drops of magma trapped at depth duriag
mi ner al 0 srenfam & cl@adsystem once formed. As a result, melt inclusians
potential examples athe composition of the melts from which minerals crystallizlis
provides more directinformation alout melts thatepresent earlier stages in the evolution of
the magmatic systemTo assess the compositionstbe most primitive melts, studies have
focusedmainly on olivinehosted melt inclusions due to the primary appearance of olivine in
basaltic crgtallization sequeng@Vanless and Shaw, 2012; Wanless et al 2014; 2015; Wallace
et al.,, 2015; Le Voyer et al. 201 Qther minerals have been successfully studied for melt
inclusions, but only a handful of studies hén@kedat plagioclasénosted melt inlusiong(Helo
et al., 2011; Coumans et al., 2015; Neave et al., 2015, ZDA&)assumption is that a mineral
with two cleavage planes such as plagioclaystalscannot accommodate forPcondition
changes withoutheir melt inclusions breaching.

Oneof the main goda of this study is tanvestigatethe robustness and reliability of
plagioclase as a hos€ompared to olivine, lpgioclase comes laten the cystallization
sequence of MORBs (Coogan et al., 20Hywever plagioclase haanadvantageer olivine
that makehis mineral more meaningful ftmis study it is less dens@lagioclase with anorthite
contents ranging from 55 to 89 have densities 0f-2.68 g.cr? at 1200°C. At this temperature
a typical MORB melt would have density of 2:3@6 g.cn? (Campbell et al., 1978). Olivine
on the other handthave densities of 3:3.4 g.cn. Thus in a typical MORB melt, olivines sink,



Page| 3

andplagioclasecrystalsfloat or have neutral buoyancy. It is thought that typical MORB melts
travelling throudp trocotolitic cumulates based in the upper mantle or the lower crust have the
possibility to entrairplagioclasecrystalsdue to their low densities, but that olivireusually

left behind(depending on the magma ascent raiglts andplagioclasecrystls can then be
erupted as PUB if their velocity is not lowered by melt lenses that would filt@labeclase
crystalsout (Lange et al., 2013 his last point explains why PUBs are only found at slamd
intermediatespreading centersand offaxis d fastspreading centerghus, despite the later
appearancef plagioclase in the crystallization sequence of MORBSs, the minerals erupted with
PUBs are supposedly more primitive than oliviested melt inclusions usually studied in
MORBSs. Indeed, numeraginvestigation$ave focused ofinding the crystallization pressures

of olivines in MORBs(Wanless and Shaw, 2012; Wanless et al., 2014; Wanless et al., 2015;
Wallace et al., 2015; etcBecause of the high density of olivines, melts lcardly carry then

over great distances while ascending to the seafloor, whereas melts do have the potential to
carry plagioclasecrystalsthrough the entire oceanic cru€nly much fewer and smaller
primitive olivine crystals that crystallized in the lower crust andritamtle can be erupted
(Lange et al., 2013).

The purpose of this study g gaina better understanding of thew homogenization
affect the composition of melt inclusions and their hosts, witlytiaof better understanding
theprocesses leading to tfemation of the oceanic crush this view, pagioclasehosted melt
inclusions in PUBs will provideomplementarynformationto allow better tests of the existing
models and diversity of melt compositions contributing to the c8ashpleselection forthis
investigation was based on three critelid) the plagioclase megacrysts need to contain
abundanimelt inclusions; (2) the plagioclase should have a high anodbiteent,so we can
expectthe melt inclusions to be representative of primitive MORBIts; (3) choosing
homogeneous crystalvould simplify the study so we can assume the crystals formed from one
melt at one temperaturd91-R1 is a sample thatompriseshoseimportant characteristics,
notable by having a tight range of anorthite con#ngs.>, which shows its homogeneity
(Lange et al., 2013Y.his sample wasollectedon the Blanco Tranefm Fault (BTF). The BF
is a 3®-km long right lateral transform boundary that separates the Juan de Fuca Ridge to the
NW from the Gorda Ridge to tHeE. It is a relatively young feature about 5 Malt is a
complex feature composed of multiple depressions and faulting zguessibly puHapart
basins(Figure 11) cut in half by the Cascadia Channel.
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Embley and Wilson, 1994uggestd that the BTF esults from a shift in plate motion
initiated 5 Ma ago on the Gorda Ridge. Most of the BTF then formed over the next 5 Ma by a
series of strikeslip faults and depressions that started with the formation of the Cascadia
Depression and ended with The Suegnd Blanco Depression less than 1 Ma ago. The
youngest oceanic crust is on the westend of thefault andwas dated at 1.5 Mbased on
magnetic anomaly and sea beam bathym@trgure 1.1;Wilson et al., 1984Embley and
Wilson, 1991).

This dissertatin containsthree main projects. Thirst two projects aimto better
understand the changes in the composition of melt inclusions during experimental heating and
to interpret the volatile content in terms of depth of formatibime third projectiocumeng the
significanceof crystal relaxation as a peshtrapment process.

The first project was designed to documeittte minimum entrapment depths of
plagioclasenosted melt inclusions from our sample AR1, dredged on the East Blanco
Depression44°12.55,129°37.93;Figure 1.1;Sprtel 1997. The calculated deptis based on
CO, and HO analyseswhich are proxies fopressureand therefore depth of entrapment
(Newman and Lowenstern, 2002). Both thex@@pped within the melts artldevapor bubbles
of melt inclusions vere analyzed, using SIMS and Rameagspectively The necessityf
analyzing CO; trapped within vapor bubbles of melt inclusions arises from the recent
recognition that vapor bubbles usually contain between 40 and 90% of the total amount of CO
initially present within a melt inclusion (Stedlacinnis et al., 2011Hartley et al., 2014;
Moore et al., 2015; Esposito et al., 2016). Melt inclusions heated for both 30 minutes and 4
days at 123% were analyzed for volatilegnderstanding how the noentration changes with
time is critical for our evaluation of the degree to which the volatiles may be lost through
diffusion orredistributed due to changes in the structure of the host mineral. In addition, our
ability to interpret the&CO,+H-0 analysein terms of the overall petrogenesis of the syttma
Mg# of the melt inclusionwasused tadocument how close the melts were to primary magmas
(Michael and Graham, 2015).

The second project focuses themajor elementhemistry(as opposed to the fos on
volatiles in part 1pf plagioclasehosted melt inclusions, and the effects of headmg function
of time. This part of the study relies agectron microprobe analyses of major and trace
elements of the melt inclusions. Timst order observatio of the composition of the inclusions
shows that thelagioclasehosted melt inclusionare more primitive (higher Mg #ompared
to typical MORB glasses. They also demonstratetithe dependenthemical driftof melt

inclusions Thisdrift is attributel to crystal relaxationa result of the fact that the heating takes
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place at 1 atm pressure, whereas the crystals forme®&-&i5Xkbar. Crystal/ melt @rtition
coefficients calculated using Mg (i), @a major element in melt inclusions, but a trace eteme
in plagioclase highlight the occurrence of diffusion profiles appearing at the melt
inclusion/plagioclase interface after loffgdays) experimental runs. The calculateg{3hows
a significant decrease after 4 days, ancetminationof the anticorrelation between [ and
the anorthite of the plagioclase near the melt inclusion/plagioclase interface.

Thethird project constitutea more indepthproof of conceptnvestigation on crystal
relaxation. As a crystal relaxes under high temperature iisnsincrease While this volume
i ncreases, the mineral 6s sttcanoot haodle ats imteznalc h e s
pressurgleading to a pressuredrophe | eadi ng hypothesis gather
first two projects ighat crystal riaxation induces volatile exsolution into vapor bubbles and
enhances diffusion between melt inclusions and host. The aim of this last project is therefore to
documentand characterize crystal relaxation. Based on Schiavi et al. (2066)performed
heatirg-stageexperiments on olivindosted melt inclusions, an experimerngedcedure based
on heating stage experiments andttro tomographywolume characterization was designed.
The heatingstage experiments were performed to directly observe induced asfatedtion
The experiments revealed a difference of behavior of the plagioclase crystals compared to
olivine crystals, asmultiple episodes of bubble nucleation were observed passed the
temperature of homogenization. Measurments made on the volume @sooéaselt inclusions
showed their dependence to the thermal expansion coefficients of the plaghmdtserhe
vapor bubbles volume expansion is related to the original amount of volatile dissolved within

the melt inclusions.
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ABSTRACT

To better interpret data from melt inclusions and their host phenocrysts it is necessary
to understand the pressures at which crystallization and melt trapping Boessurean be
estimatedased on the ¥D-CO, concentratiorof the melt inclusiondMost oftheseestimates
to dateare for olivinehosted melt inclusions, largely based on the assumption that plagioclase
phenocrysts do not retain volatiles and/or are the product edtige crystallization. We have
investigated theffects of posentrapment processes on plagioclaested melt inclusions in
one plagioclase ultraphyric basalt from the Blanco Transform Fault. Our results demonstrate
that plagioclasdéosted melt inclusions retain their €€oncentratios even after 4days of
homogenization experiments. Furthermore, the total reconstructedglds+vapor) in the
melt inclusions indicates that the plagioclase megacrysts crystallized at pressure9.bf 2.3
kbars, which are at or below the locaDMO. These minimum prsures of trapping suggest
that adequate feomogenization experimenttogether with the measurements of the,CO
concentratios of vapor bubblescan counter the effexof postentrapment processdisat

alteredthe original information contained withinatt inclusions.
INTRODUCTION

Plagioclase is a common phenocryst phase inrgoéhn ridge basalts (MORB&ut it
has been assumed to crystallize later in the differentiation sequence, and at a shallower depth,
compared tmlivine (Bryan, 1983. Therefore most work on melt inclusionsMl) in MORBs
aimed at understanding the early crystallization hist@y focused on olivineS¢bolev and
Shimizu, 1993 ; Laubier et al., 201%/anless and Shaw, 2012; Le Voyer et al., 2017; and many
other3. In addition, ithas been commonly assumed thdtin plagioclase crystalgo not
preserve the primary volatileoncentrationdue to leakage along the two cleavage planes.
However, little evidence exists to support the contention that plagidutestedM| are more
suscefpible than olivinehostedMI to CO+H2>0+S loss.

This study focuses on plagioclasestedM| in oneplagioclase ultraphyric basalt (PUB)
from the Blanco Transform Fault (BTFPUBs are characterized by a high modal % of
anorthitic megacrystic plagioclasel&% ; Lange et al., 2013), which host abundéintThese
megacrysts are often xenocrysti@fge et al. 2003 but their host glasses are usually similar
in chemistry to the array of erupted lavas from their ridge segifleatdagioclasanegacrysts

and heir M| areusuallymore primitive (moréAn- and Mgrich) and compositionally diverse
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than latecrystallizing plagioclaserystalsthat arein equilibriumwith their associated lavas
near the surfacespurs Page et al., 2000 ; Lange et al., 2013; Neaale 2014.

The HO-CO; concentrations oMl can be related to pressures through solubility
models, and therefore can giuseful information on the crystallization pressures of the
plagioclase megacryst®ikon et al., 1995 ; Newman anawenstern, 200 Most existing
pressurestimates are from olivinkeostedMl in MORBSs and are consistent with crystallization
within the oceanic crustvith a minority indicative of deeper mantteystallization(\WWanless
and Shaw, 2012; Wallace et al., 2015; Le Voyenlet2017., Wanless and Behn, 2017).
However, fewer studies have utilized plagioctassted Ml to determine the pressure of
plagioclase crystallization, and concurrent MI entrapment has shown that crystallization depths
are as deep as for oliviHestedMI, and often even deeper (Helo et al., 2011; Coumans et al.,
2015; Neave et al., 2015; 2017).

Determining pressures of MI entrapment based H¥D-CO, concentrationsis
complicated by the fact th&O is partitioned between various phases. Specifical®); 8
often present in both the glass and vapor bubbles withifStfeleMacInnis et al., 2011;
Hartley et al., 2014Moore et al., 2015 COy-rich vapor bubbles are formed in Ml as a host
crystal cools and depressurizes. G6lubility decreases in respge to both decreasing internal
MI pressure. Given that calculations of saturation pressures of Ml require knowledge of the
total CQ and HO concentrations, an accurate estimate requires that we determine the total
bulk CG concentration of the MI. Theraiof this work is to assess whether saturation pressures
calculated from plagioclageosted MI are reliable, and how they relate to existing studies on
olivine-hosted MI from MORBs. Utilizing plagioclag®sted MI has the potential to advance
our understaging of how the oceanic crust forms, and, thus, ascertaining the reliability of
plagioclasenosted Ml is essential

We presentotal bulk CQ concentrationsn plagioclasenostedMI by combining the
CO, contained in the vapor bubbles with that in the gld&sreover, we conducted a set of
homogenization experimenis evaluate the processes that influence the ability of plagieclase
hostedVI to retain their original volatile budgets. Our results document the exsolution,of CO
from themelt phaseinto thevapor phase as a function of time when tié are held at high
temperature. However, thetal bulk CO» concentratiorof theMI does not change between
our two run timesTherefore, CQis not lost from theM| during cooling and depressurization
but, ratfer, is transferred from the melt into the vapor bubble. More importantly, based.en CO
H2O equilibrium solubility models, our results indicate that the plagioclase megacrysts

originate fromthemantle, with minimum crystallization pressures of-2.3 kbas.
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GEOLOGICAL SETTING AND METHODOLOGY

PUBSs are found worldwide at slow and intermediate spreading centers, as well as at off
axis seamountand transform faultsvhere the absence of a magma reservoir may inhibit
crystals from being filtered out of theio$t magmasiange et al., 20)3We focus on the BTF,

a rightlateral transform fault zone that extends for ov&) Bm and separates the Juan de Fuca
ridge to the northwest from the Gorda Ridge to the southeagiley and Wilson, 1992This
study focuse on megacrysts from a single sample A®Rllocated44°12.55, 129°37.9&prtel
1997, characterized by abundant (~20%) euhedral, centirsetde (0.21 cm) plagioclase
megacrysts. Plagioclase crystals from this sampleot present any zoning and haveaarow
range of anorthite contents (&m). PUB megacrystdiave similar Sisotopic signature than
their host lavasl@nge et al., 200)2Experiments performed on high Axagioclaseevealed
that MI are trapped during an isothermal period of growth a/ffi@st diffusion prevent the
existence boundary layefiKohut and Nielser2004).

We performechomogenizatiorexperiments at Oregon State University (Corvallis, OR
USA) using a 1atm vertical furnace. The natusabuenchedvil observed in our samples are
fully or partially crystallized by postntrapment crystallization, and contain one or multiple
vapor bubbles, making experimental homogenization a necessigyréFAl). Individual
crystals were suspended in the furnace at 1230°C for 30 minutes or dndagaenched (see
APPENDIX A for more information). The crystalgere then polished to expose tkié for
Raman and Secondary lonization Mass Spectrometry (SIMS) analyses. Raman analyses were
performed at Virginia Tech (Blacksburg, VA USA) to determineddesity ofCO, within the
vapor bubbles. The thesameMI were analyzed at Woods Hole Oceanographic Institution
(WHOI, Woods Hole, MA USA) by SIMS to determine the £M.0, S, Cl and F
concentrations within the glass of tiMl. The total CQ concentratio in the Ml was
reconstructed by combining the €@om the vapor bubble and the ¢@om the glass
following the technique dEsposito et al. (201 BndMoore et al. (2015We usedVolatileCalc
2.0 Newman and Lowenstern, 2002 calculate the minimunndapping pressures based on the
H>O-CO, concentrationsof the MI. To estimate minimum entrapment pressures using
VolatileCalc 2.0We computed bD-CO; concentrations from 27 Ml from 8 crystals that were
homogenized 30 minutes and from 16 MI from 8 crydiads were homogenized for 4 days.

Additional information of the methodology used carfdaend in AppendixA.
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RESULTS

The reconstructed MI C{zoncentrations based on both theo€@ncentration of vapor
bubbles and glass for individual Ml held at 12@0for 30 mi nutes averages
ppm (ug/g) CQ, and2714+1183 ppm C@for the 4day runs (&ble 2.1). The melts are
anhydrous, with < 0.1 wt. %4 for both runs. Minimum crystallization pressures calculated
using VolatileCalc2.0Newman and Lowenster 2003 produced similar results for both run
times, and no systematic difference was observed between MI from individual hosts- The 30
minute runs yield an aver aglay ruosyielddh&@rge df1 8 4 b
4732+1518 bars @ble2.1; Figure2.1). These uncertainties reflect sample variability, not the
uncertainty in the solubility modetbisinthen t er n
vapor bubbles after the 31in run, whereas 830 % of the CQis in the vapor bubblestaf
the 4 day runs @ble2.1). It is important to note here that >50% of the-@Qusually present
within the vapor bubbles for both rdimes, highlighting the importance of analyzing vapor
bubbles for CQ All data are included in dble A1. T-test calalations for both the total
reconstructed Coand the CQdistribution within vapor bubbles revealed that : (1) the total
reconstructed C&s not statistically significant between the-@inhute and 4day runs ; (2) the
CQO, distribution within vapor bubbteis statistically different between the two experimental
run times (hbleA2).

The behavior of S, Cl and F concentrations as a function of time, as detebyBidS
analysesdiffered fromthatof HOandCQ. S concentrations average
the 3@minute runs, and 671+179 ppm for theldy runs (Gble2.1). All samples but two are
saturated with S (Wallace and Carmichael, 1994). The two MI that are not S saturated were
considered breached (S <90 ppm) and were not further considered &tutly (RbleAl). As
with S, Cl concentrations are identical within error for the two run times, with 36x12 ppm and
55+63 ppm, respectively, for the-8@in and the 4lay runs. In contrask, in the 36minute runs
averages 20+15 ppm but is below the d#edimit of 1.8 ppm for the 4lay runs (fble2.1;

Figure2.2). We do not know whether the F diffused out of the MI during tdaydruns off it
exsolved from the melt and into the vapmubbles Koleszar et al., 2009 To avoid this
complication, we gggest that plagiocladested MI should not be held at high temperature for

more than 30 minutes.



Pagel| 13

DISCUSSION

Impact of postentrapment processes on the volatileoncentrations of Ml

Hydrogen diffusive loss

MORBs are typi cal0l5wt % HO WétricroandWallace, 20080
Our samples exhibit the same low@concentratiorfor both run timesindicating that no
major BO occurred in between the two runs. However, we cannot ruldheuytossibiliy of
hydrogen diffusive los Experiments performedn Argo plagioclase revealed an increase of
OH loss with increasing rutime and temperatureyshthat at 1000C, 50% of OHwas lostin
<1 day gohnson and Rossman, 2D18s both the 3@ninute and 4day runs show the same
low H2O concentratios and that they likely are anhydrous in natutee resulting pressure
estimatesvould only be slightly influenced by hydrogen diffusive loss. In addition, isOH
poor systerg, hydrogen diffusive loss does not hastrong impact on the solubilitiesather
volatiles such a€0O; due to the nearly flat #-CO; solubility curves in PT space (Gaetani et
al., 2012;Bucholz et al., 2013)Moreover, hydrogen diffusive loss would result in an
underestimation of the 4@ concentratiorof the MI, whichwould underestimate the saturation
pressures as described from the experiments performBdkoy et al. (1995). Consequently,
the entrapment pressures calculated for our samamakl represent minimum valuésit are
still consistent with ouconclusion thaMl in plagioclase studied here were trappathin the

upper mantle.

Decrepitation

Decrepitation leads to the loss of part of toéatiles such a€0;, leading to a possible
incorrect interpretation that thl trappeda volatileundersaturated melMaclennan, 2017).
Decrepitation is more likely to happen favlatile-rich M1 with high internal pressure like the
MI considered for this studiMaclennan, 201;/Wanless and Behn, 20l Maclennan (2017)
suggested that degigation can be prevented in Ml through pestrapment cooling and
depressurizing. In C&rich and HO-poor systems such as ours, the formation of vapor bubbles
does induce an internal pressure decrease within the MI, thus protecting them from
decrepitan. As all our MI contained one or more vapor bubbles, they might have been

preserved thanks to the formation of vapor bubbles
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Vapor bubbles

Vapor bubbles cariorm due toboth thecooling of Ml and with postentrapment
crystallization (PEC)leadingto volatile exsolution(Kent, 2008. All our naturally quenched
MI contained one or more vapor bubblés. observedmore tharb0% of the CQis usually
present within the vapor bubbles for both experimentatiraas, and tis percentage increased
in the4-day runsln addition, the MI heated for 4 days likely experienced compositional drifts
that could impact the solubility of CQsee Chapter 3)Long experimental run times at
magnatic temperatures are known to modify the major element compositioviokediiosted
MI (Danyushesvky et al., 2002). These changes in major element chemistry potentially lowered
the solubilities of volatiles in the melt phase, leading to further exsolution. For example, it has
been demonstrated that the solubility of£&@creaes with decreasing CaO, MgO and alkaline
contents (Brey, 1976; Moore, 2008; Vetere et al., 2014).

Crystalrelaxation

Schiavi et al. (2016) demonstrated that crystal relaxation occurs when a crystal is kept
at magmatic temperature for long experimental times atl-atm Crystal relaxation operates
though thepressure differential that is established between the internally pressurized Ml and
their relaxed hosts, which confining pressure -atrh. We suggest thaivhen the MI are
instantaneously heated 1230°C and the pressure inside the MI reaches several kiltiars,
plagioclasehost surrounding the Migradually relaxed to eliminate the pressure gradient
between the MI and surrounding plagioclase hestylting in an increase in Ml volume and
concomiant decrease in Ml internal pressure, indudungher CQ exsolutioninto the vapor
bubbles. This argumer supported by the increased £density of the vapor bubbles after
the 4day runs compared to the-&linute runs (Fjure2.3).

On the mantle origin of A91-R1

The best estimate for the thickness of the oceanic crust under the Blanco Transform
Fault is ~6.710 km based on seismic imaginggNutt, 1979; Christeson et al., 2010 he
samples analyzed in this study yield a range ot C@ncentrationghat indicate minimum
pressures ranging from 2279 to 9104 bars, corresponding to depths of 6 to 27 km, all of which
are at or below the local MOHOiffure 2.1, TableAl). These pressures indicdtat the Ml
were saturated with CQt the time of eruptioas they were erupted at 320 bars (Sprtel, 1997).

In contrast, most pressures calculated based on MORB glasses and-luste@ MI
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compositions indicate the olivine phenocrysts formed in theamidt, with a minority at deeper
levels Wanless and Shaw012; Wallace et al., 2015; Wanless and Behn, 2017 and pothers
Previous studies of plagioclabestedM! in MORBSs recorded both crustdéave et al., 2015;
2017 and mantle depthdHglo et al., 2011; Coumans et al., 2P16urrent models for the
formation of PUBs involve plagioclase crystallization in the upper mantle and melt interactions
with troctolitic cumulates duringhagma ascenK@hut and Nielsen, 2003; Lange et al., 2013
MORB melts can entrain higAn plagioclase in the upper mantle due tartkenilar density

(~2.7 dcm®). During ascent, the melts become less dense than the plagioclase crystals that can
only be erupted if the ascent rate is fast enough (Lange et al., 20E3Yensity contrast
between earkgrystallized olivine (3.2 g/cA) and plagioclaseould result in crystal sorting and

the eruption of PUBs containing little or no olivinkohut and Nielsen, 2003; Lange et al.,
2013 assuming a crustal density of 3 gfcritherefore, oumantle pressure estimates are
consistent with the ecweptual model of PUB formation conceptualized by Kohut and Nielsen
(2003) and Lange et al. (2013h addition, the mantle origin of our sample is supported by the
nearprimary compositions of the Ml thathage Mg # of 6 7Michalid GaBam,( 2 G
2015. As it is beyond the scope dhis paper to assess the majand traceslement

concentration®f theMlI, this argument igurtherdeveloped in ApendixA.
CONCLUSIONS

Based on homogenization experiments, we have documented that plagjms e/ |
retain their original C@concentrations, even afterddy runs at 1230°C. However, during
these runs conducted ataim, crystals underwent tintependent relaxation, resulting in
expansion of the plagioclas®st andtheir MI. The resulting pressureap within theMl and
concomitant decrease in €6bolubility led to the exsolution of G&rom the melt and into the
vapor bubbles of th#ll. However, the total C&concentratios, and therefore the estimated
minimum pressures of entrapment, do not chaRgessure estimatesbtained from the Mi
indicate that plagioclase megacrysts from the BTF are the product of crystallization in the upper

mantle.
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30 min 4 Days
H-0 wt.% (glass) 0.02 £0.02 0.01 £ 0.006
CO total (ppm) 2253 £ 800 2714 + 1183
S glass (ppm) 821 +100 671+179
Cl glass (ppm) 36 £12 55+ 63
F glass (ppm) 20+ 15 0.73+0.28
P (bars) 4089 + 1184 4732 + 1518
Depths (km) 12 +3 14+5
% COin bubble 71+14 8310
Number of analysis 27 16
Table 21:Aver ages with 10 errors (standard

experimental run times within the glass of Meby SIMS: HO in wt. %; S, Cl, and F in ppm.
Total CQ (ppm) represents the calculated 8@ the MI, combining the C®concentations

devi

of the glass and vapor bubgléogether with volume estimates for both. The averaged pressures

and depths calculated using VolatileCalch@\yman and Lowenstern, 200&e also shown,
as well as the percentage of £@esent into the vapor bubblef theMI, and the number of

MI analyzed for both run tinse

i
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Kernel Densities
0 0.002 0.004 0.006 0.008 0.01
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Pressures (kbars)

B 30 minutes (n=27)
8.0 1 4 days (n=16)

10.0

Figure 2.1 Kernel density ploof the pressures ikbars recorded by thell heated for 30
minutes(black) and 4 daysdrey). Kernel density plots are probability density functions where

the distribution parameters are unspecifiehe pressures were calculated using
VolatileCalc2.0 using the measuredconcentration from SIMS and the total reconstructed

CO for eachMI (Newman and Lowenstern, 2002; Moore etal.,, 20I5h e er rweres i n 2
computed with the kernel density plofEhe range ofMOHO pressures seen in grey was
established from the literaturd¢Nutt, 1979; Christeson et al., 2010he number oMI

plotted(n=x) is notel in the legend
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A) H.O in glass (wi.%) B) S in glass (ppm)
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Figure 2.2: Volatiles analyzed witin the glass of th#lls by SIMS. The opened circles are
individual Ml homogenized for 3@ninutes; the solid black circles are the individusl
homogeni zed for 4 days. The errors bars are
graphs are plotted against €@pm) in the glass of thlls on the yaxis. a) HO (wt. %) in

the glass oMIs ; b) S (ppm) in the glass tdls; c) Cl (ppm) in he glass oMIs; d) F (ppm) in

the glass oMIs. The errors are consistent with those determined previously during a rigorous
assessment of the reliability of volatile analyseMts#f using the same analytical methods and
instrumentation (Esposito et &2014).
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Figure 2.3: CQO.in the glass (ppm) analyzed by SIMS within the glass of the Ml vs. CO
density in the vapor bubbles (g/cc) analyzed by Raman within the vapor bubbles for both
experimental run times, 30 minutes (open circles) and 4 days (ltaldsk The errors are

di splayed in 210.
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ABSTRACT

Plagioclasehosted melt inclusions aag underutilizedndicator of magmatic processes
owing to the perception that they are less robust than olhaseed inclusions. However, based
on a set of time series experiments, we demonstrate that plagioclase can preserve a primitive
magmatic signal if steps are taken to correct for post entrapengstallization. Diffusion
within plagioclasenostedmelt inclusions is sufficiently fast that the melt inclusions can be
homogenized within 30 minutes through heating experiments. As heating time increases, the
composition of melt inclusions changes. ®ibute this longeterm phenomenon to diffusive
re-equilibration driven by crystal relaxation, and associated change in pressure and partitioning
behavior. The rate of fequilibration is therefore limited by the rate of diffusion within the
solid. Measured athe host/melt inclusiomterface, thepartition coefficient for Mg decreases
by 25% from the 30ninute to the 4day experiments. Diffusive +equilibration is also limited
by the rate of crystal relaxatioRinally, the change in melt inclusioomposition from the 30
minute to 4day experiments is distinct from what would be produced by progressive melting

of the plagioclase host.

INTRODUCTION

Statement of theproblem

The physical and chemical characteristics of-oudan ridge basalts (MORBkave
long served aa source of information on the processes responsible for mantle melt generation
and crustal formation at divergent plate boundaries. Glassy lavas frormcead ridge
environments are the prodacif a complex set of mixing and differgation processes. These
processes filter and blend the array of primitive mantle melts resulting in both homogenization
of the primary magmatic signaand preferential sampling of specific components from this
array. If we rely exclusively on glass ayss, these factors introduce large uncertainties into
the interpretation of the roles of mantle, loweeustal, and magmeeservoir processes.

In recent years, phenocrysts and their melt inclusionst{gie become an increasingly
important source ofinffomat i on -@motles si@&poe mamgshanizu, (993 bol e v
Nielsen et al., 1995; Danyushevsky et al., 2002; Kent, 2008; and many others). From Ml we
have gained a more nuanced understanding of the range of magmas produced in the mantle, and
of theprocesses that result in the generation of the oceanic crust (Kent, 2008). The study of Ml



Page| 25

presumes that their chemistry is characteristic of magma compositions at a time when the host
crystal formed, and prior to late stage processes such as mixingaatidnfation Roedder,
1979; Hauri et al. 2002; Wallace 2005¢tMch andWallace, 2008; Kent 20080nce trapped,
interpretation oMI chemistry requires thalheyremain a closed system with respect to major
and trace elements to provide reliable infotioraon the composition of the melt at the time of
entrapment However, the composition of MI is often modified by post entrapment
crystallization (PEC), diffusive requilibration, and the formation of vapbubbles (Figure
3.1). Thesgrocesses occur dog magma transport and storage, and after erupRoedder,
1979; Lowenstern, 1995; Danyushevsky et al., 2000, ;200glis, 2005 SteeleMaclInnis et
al., 2011, Schiavi et al., 2016; Maclennan, 2017
To date, most studies focus on olivinested MI, baed on the premise that olivine is

the earliest crystallizing phase and therefore is most likely to trap primitive melts (Bryan, 1983).
However, based on the G@oncentratioa of the olivinehosted MI, most were formed at
pressures equivalent to the miadupper crust and have arguably seen extensive modification
(Wanless et al., 2014; Wallace et al., 2015; Le Voyer et al.)20//é note, however, that most
of the pressures reported from olivihested MI are based only on €€bncentratioa within
the dass of Ml.Indeed, past studies specifically analyzed MI without vapor bubbles in Ml
assemblages containing both MI with and without vapor bubbles, thus constituting a sample
biais.Recently, the community came to the realization that up to 90% Gi@hean be trapped
within vapor bubbles of MI, implying that entrapment pressures calculated fropHgD
concentrations have been largely undstimated SteeleMaclnnisetal., 2011; Bucholz et al.,
2013; Hartley et al., 2014; Moore et al., 2015; Astexl e2016; Esposito et al., 2016).

Comparably less work has been done on plagiod¢iaseed MI(Helo et al., 2011; Coumans
et al., 2015; Neave et al., 2015, 20Chapter 2 for three main reasons. First, plagioclase is
assumed to be a late crystahig phase. Secondly, cleavage planes in plagioclase are assumed
to make it more susceptible to leakage. Lastly, plagioclase is assumed to be susceptible to
diffusive reequilibration (Cottrell et al., 2002) because many elements are compatible (e.g. Sr,
Ew?") or only moderately incompatible (e.g. Ba, LREE, Mg, Ti) in plagiocthse to their
higher partition coefficients compared to olivine

We focus on plagioclaseosted MI from plagioclase ultraphyric basalts (PUBs), which are
found worldwide at ultrasle- to intermediatespreading ridgesThis class of MORB is
characterized by >15 vol.@agioclase (Lange et al., 2018)ith individual crystals sometimes
>1 cm in diameter. Previous work on these crystals (Nielsen et al., 1995, 201 7P &geirst
al., 2002 Nielsen, 2011; Adams et al., 2011; Lange et al., 2013) has documented their high
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anorthitic character as well as the diversity of their trace element and isotopic composition. In
addition, new information based on the £g@ncentration of plagioclagested MI suggest
many of these megacrysts crystallize in the upper mantle, as deep or deeper than olivine
phenocrysts found in MORB<Chapter 2 Therefore, the chemistry of such crystals may
provide new information on the parental melts responsibl¢hfoigeneration of the oceanic
crust. However, due to questions regarding the reliability of plagicblesed M|, we must

first assess whether theskagioclase crystalgreserve the compositional characteristics of the
magmas from which they crystallizedrowards that end, we examine the characteristics of
plagioclasenosted MI using a set of tirseries heating experiments. Our goal is to measure
time-dependent changes in the composition of plagiodtaséed M| and hosplagioclase
crystalsand evalua these changes with respect to various processes, including diffusive re

equilibration, crystal relaxation, diffusive volatile lo84l, breaching, and partial melting.

Background material

The PUB sample analyzed for this study comes from the 36@hgnBlanco Transform
Fault (BTF)thatlinksthe Gorda Ridge and the Juan de Fuca Ridge in the Pacific Ocean off the
coast of Oregon. The BTF is a relatively young feature that formed within the last 5 Ma due to
change in plate motion (Embley et al., 198582 Embley and Wilson, 199Zordier et al.,
2007). This study focuses on one specific sample,-AR , sampled at 44AN 1
3 7 6 . A81R1 was sampled in the < 1 Ma East Blanco Depresgi@used this single sample
for three reasons: (1) th@agoclase crystalsare remarkablj\nomogeneous with respect to
major elementgAnsgz 52, Supplementary Tablep, (2) Lange et al. (2013Jemonstrated that
the plagioclasehostsin this sample are chemically more primitive than those in equilibrium
with thehost lavabased on trace element and isotopic dasémay be derived from the same
parental melt(s). The petrogenesis of the plagioclase megacrysts was ascribed to the
disaggregation of troctolites residing in the lower crust or the upper maatigdet al., 2013,
(3) PUBs were chosen because the crystals we
rock, and each host plagioclase contains numeroudrnviddition, although they are more
primitive than typical MORB glasses, they are part of the same ardiyuafs from which
MORB originate(Lange et al., 2013

Plagioclaseéhosted MI are more susceptible to PEC than oliiosted M| because the
amount of plagioclase that precipitates per degree of cooling is about two times greater than
that of olivine (Osbm and Tait, 1952). In addition, plagioclase crystals are often transported

in more evolved host melts, andastmuch as 10T lower temperatures than the temperature



Page| 27

at which they crystallized (Lange et al., 2013). This means that plagidwated Mlilikely
undergo significant modification before eruption. It is therefore necessary to homogenize
plagioclasenosted MI to extract information on their chemistry at the time of entrapment
(Figure 3.1).

MATERIALS AND METHOD

Heating experiments

Plagioclasecrystals (0.3 cm to 1 cm in diameter) were separated $ample A91R1 by
crushing, and then were hapitked under a binocular microscope. Only fresh and clear
crystals were selected. The crystals were then heated ustatna4phere vertical furnace at
Oregon State University (OSU). Tinseries heating experiments of 30 minutes, 4 hours, and
4 days were conducted at 1230°C. A heating temperature of@288s selected because it
represents the temperature at which the Ml were trapped, as determined fernes of
experiments at incremental temperatures using the technique of Sinton et al. (1993). Selecting
the correct heating temperature allows the dissolution of PEC back into the MI melts such that
the resulting glass phase after quenching represkatg€omposition of the melt that was
originally trapped in the MI. Heating the Ml only to the temperature at which allgP&dticts
are returned to the melt, without overheating thethows us toavoid modifications of glass
(melt) composition by addingxcess host phase to the melt. In this case, the heating temperature
can also be referred to as a homogenization temperature. In our case, the h2&tng
temperature was later confirmed by performing headiage experiments on a Vernadsky disk
at theLaboratoire Magmas et Volcans (Clerméigrrand, France) wheREChomogenization

consistently occurred between 1225 and 22A4Chapter 4.

Theheating experiments were performed by placing 3 to 6 individual crystals in a platinum
boat is suspended from pl ati num wir e, such that the sa
furnace. Unlike olivinenhosted MI, tests carried out on plagioclase crystals showed tlvat the
low Fe contents prevented the crystals from oxidizing in the air at magmatic temperatures and
turning opaque. Indeed, heating experiments performed at 1200°C with both a controlled
oxygen fugacity set at FMQ+1, and within the air revealed no composition dependence of the
Ml as a function of oxygen fugacity (Supplementary Table B1; SupplementameBiB1; B2).
Temperature during heating was monitored using a thermocouple suspended in the furnace at

the same height as the samples. At the end of each experiment, a current was run through the
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platinum suspension wires, melting it and dropping thepsesninto water. We chose to
perform experiments using a verticadimosphere furnace rather than a heastage for two

main reasons: (1) the quenching time is faster and more efficient witiradkphere vertical
furnace, which aids in preventing PE&hd(2) experimentation using a heatistage tends to
weaken the host crystals as it requires double polishing to hold the crystals flat during the

experiments.

Analytical methodology

Following PEC homogenization, plagioclasests were mounted in 2.5 diameter
epoxy plugs for analyses at OSU using a CAMECA SX100 electron microprobe. Plagioclase
analyses were performed at 15 kV accelerating voltage, 30 nA sample current and a 5 um beam.
The plagioclase proceduamalyzedSiO;, TiO2 Al203, FeO*, MgO,CaO, NaO, and kO and
was tested for external reproducibility on our labradorite standard run as an unknown (reference
USNM 115900). The MI were analyzed at 15 kV accelerating voltage, 10 nA sample current
and a 10 um beam. The MI procedure containeddhewing elements: Si@ TiO2, Al2Os3,
FeO*, MnO, MgO, CaO, N®, K>0, P.Os, S, and Cl. The alkali elements were analyzed first
in the elemental sequence and were analyzed usirtgreentercept to accommodate for the
volatility of Na and K under the et&on beam. This procedure was tested for external
reproducibility on our basaltic glass standard run as an unknown (USNM 113498/1). For both
the plagioclaséosts and the MI analyses, results were selected with totals between 98.5 wt. %
and 101.5 wt.%. Eors were calculated based on the reproducibility of our two standards
(Supplementary Tables B2; B3; B4 and B5).

RESULTS

Sulfur as anindicator of Ml integrity

Two characteristics of the S concentration of MORBs make its composition a useful tool in
evaluding the integrity of Ml First, essentially all MORB magmas ares&urated\(Vallace
and Carmichael, 1299 and fall on a R& saturation line defined by analyses of our PUB glasses
(Figure 3.2). Second, owing to the volatility of S, any breached M| wlosklsome of its S
during the heating process by leakage through creldledsgn et al., 1998 Based on the
observation that most of the Ml we analyzed lie on the sulfide saturation line, we assume that
they did not leak and lose S during the heatingedarments. Breached MI lie below the

saturation line, indicative of S loss through leakage. We consider an Ml to be compromised
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(has lost some of its S) if the S concentration lies b&ow the S saturation line, which is the
case for ~24 % of the MI (Figure 3.2; Supplementary Tables B2; B3).

Small differences in S concentrations exist between the samples heated for different run
times. Ml held at 1230C for 30 minutes have 896.0 $3.8 ppm S in average, and 7.9 + 0.6
wt. % FeO* (total iron). MI heated for 4 hours have S concentration averaging 890.4 + 152.4
ppm, and FeO 8.0 + 0.4 wt.%. Thaldy runs average of 939.8 + 115.7 ppm for S and 8.3 +
1.1 wt. % for FeO* (Table 3.1, Supplemtary Table B2)Unpairedt-tests onthe datawere
performedto estimate the statistical significancetloé results on the different rutimes. An
unpairedt-test compares two datasets based on their means and standard errors. If the two
datasets are uaped, or statistically significant, the resulting P values will be closgitoh@y
are paired, or statistically similar, the P value will be close to-fesi® performed othe data
reveal that the 3tnimute and 4day runs are statistically differenn terms of both S
concentration and FeO content, whereas only FeO contents are statistically different between

the 30minute and 4our runs (Supplementary Table B6)

Effect of run time on M|l composition

In addition to the relationship observed betweeooBScentrations and experimental run
times, other elements also show tidependent compositional changes. Two notable changes
are shown by MgO and 4Dz, with MgO increasing and ADsz decreasing as a function of
increasing run times (Figure 3.3).

These banges in MgO and ADs become statistically significant after 4 hours
(Supplementary Table B6). The -Blinute experiments plot on the plagioclasge of the
cotectic, whereas the data from thdaly experiments plot on the olivis&de of the cotectic.
The MI heated for 4 hours show intermediate compositions to tmeild@te and 4day runs,
and plot on either side of the cotectic (Table 3.1). Ml held at’28@r 30 minutes averages a
MgO/Al>Oz ratio of 0.48 + 0.04, the-Aour run averages a MgOA&s ratio of 0.52 + 0.06, and
the 4day runs averages a MgO#8k ratio of 0.56 + 0.04 (Table 3.1).

As MI compositions vary as a function of run time, one can question whether compositional
changes can also be observed in the host plagioclase. The data dhalhdogh there is a
clear decrease of the p@/CaO within the MI with increasing run time, no change is observed
in the host plagioclase (Figure 3.4, Supplementary Table B6).

The NaO/CaO in the host plagioclase remains constant with an average di.01(¥able
3.1). The N&O/CaO within the Ml is 0.22 + 0.01 after 30 minutes, 0.20 £ 0.04 after 4 hours,

and 0.16 + 0.02 after 4 days. Both.8aand CaO contents decreased with increasingmess.
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NaO drops from 2.7 + 0.3 wt. % after 30 minutes to £.8.2 wt. % after 4 days heating
experiments. Conversely, CaO decreases from 12.2 + 0.5 wt. % to 10.8 = 0.6 wt. % between
these two experimental rummes T-test reved that although the N®/CaO decrease is
statistically significant between the -B@inute and 4hour runs, only the N® contents are
significantly different in between these two ftimes. The CaO contents are only statistically
significant in between the 3finute and 4day runs (Table 3.1, Supplementary Table B6).

If we compare the expenental liquid compositions from the Ml in this study with MORB
glasses and-atmosphere experimental glass compositions (Figure 3.5), we see that the 30
mi nute runs are closer to fdt y-gaymmsAfterde®RB gl a
MI havelower NaO + K20 1.9 + 0.2 wt. %, but slightly higher Si62.2 + 1.0 wt. % than Ml
homogenized for 30 minutes (Table 3.1). Additionally, the MI exhibit different %Gl
alkaline contents than LEPR glasses. LEPR, or library of experimental phase selatan
database containing published results on experimental studies applied to natural magmatic
systemgHirschmann et al., 2008The LEPR glasses average 2.2 £ 1.3 wt. 40Na K>O at
50.4 + 2.2 wt. % Si@(Table 3.1). MI heated for both 30 minutesilahdays tend to have
higher SiQ contentgshan MORB glassed\lthough the alkaline content of the MORB glasses
is spread over a large range, Ml homogenized for 4 days tend to h&Ye-aO contents that
are more like thexperimental glasses from LEP&mpared to the MI homogenized for 30
minutes, which have an overall slightly higher alkalinity content (Figure 3:&st§ performed
on both SiQ@ and NaO+K>O contents revealed that the results on the twetimes are

statistically significant (Suppleemtary Table B6).
DISCUSSION

Plagioclasehosted MI: evidencefor early magmatic processes

The composition of PUB glasses is similar to aphyric MORB glasseg)é et al., 2003
with MgO contents ranging from 4 to 10 wt. %-NORB to EMORB range). The plgioclase
hosts are not in equilibrium with those glasses, exhibiting more primitive, higtoAtents
(Angog2), but are nonetheless arguably part of the global array of MORBs (Lange et al., 2013).
Conversely, the Ml are in equilibrium with thelagiochse hostfLange et al., 2013), and have
Mg# cl ose to primary mieslChapteriThehMl and host PUBr age
glass compositions should be part of the same, or at least similar liquid lines of descent. Indeed,
if the lavas erupted at a ridge segrnare genetically related to one another the host glasses

should represent the evolved emémbers of a parental melt from which the Ml are related.
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Previous work has documented the primitive character of plagielctated Ml in PUBS,
which we have asitred to be the product of crystallization in the lower crust or the upper
mantle (Lange et al., 2012, 201Ghapter 2. A central premise of our research is that the
density contrast between plagioclase and basaltic melt significantly increases thditgasfsibi
their being sampled from the lower crust/upper mantle (Campbell et al., 1978). The most current
model for the petrogenesis of PUBs is that they form from typical MORB melts that entrain
crystals from troctolitic cumulates in the lower crust/uppantie (ange et al., 20)3Volatile
analyses of Ml in our sample confirm the upper mantle origin of most of the plagioclase crystals,
with minimum entrapment pressures estimasd2.39.1 kbars (Chapter 2). Troctolitic
cumulates, by definition, are madp of both olivine and plagioclase crystals. Thejjgelase
crystals are preferentially sampled due to their loavet similardensityto MORB melts at 5
kbars (~2.65 g/cmd) and consequently their greater buoyancy compared to olivine (~ 3.24
g/len?). Theascent velocity required for the PUB melts to overcome the settling velocity of the
host plagioclase within the cumulate is ~ 1 cm/s (Lange et al., 2013). Those characteristics also
explain why PUBs are found worldwidg ultraslow to intermediate spreaglinentersonly
off-axisat fastspreading centerand at fracture zonelsecause the presence of a magma lens
would decrease that ascent velocity and filter the plagioclase crystalsaoge(et al., 2013
Therefore, somewhat counteituitively, suchcrystals offer a greater probability for sampling

the products of lower crustal to upper mantle processes compared to-bbgiee Ml

Crystal relaxation as deadingcause forchemistry changes comparison betweenolivine

and plagioclase

Diffusive re-equilibration involving Feloss and hydrogen loss in olivitsted Ml are of
the most commonly recognized and cited post entrapment processes related to Ml
(Danyushevsky et al., 200Feloss occurs when the Ml and their host olivineggeilibrate
during cooling, ovetheating, and/or during experimental runs exceedin@®minutes. In the
case of an experiment lasting longer thar3R20minutes, magmatic temperatures induce an
internal pressure drop within the MI which increases diffusive exchangehsitiost olivines.
This results in an enrichment of the Ml in Mg# due to the migration of FeO from the MI into
their host olivine (Danyushevsky et al., 200R).correct for this modification, researchers have
developed several models that bacculate tle original Ml chemistry by adding olivine into
the MI composition until the MI and its host crystal are at equilibriDanfushevsky et al.,
2000, 2002, 20Q4Toplis 2005).
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Crystal relaxation is another common, yet less studied post entrapment proeesteo
crystal relaxation as the increase in volume that a crystal experiencestwherposed to
magmatic temperatures and lower pressures than its formation pressure. In the case of our
experimentsthe sample is held at magmatic temperaturesaguaboratory heating, but at an
atmospheric pressure that is significantly lower than the confining pressure at the time of
trapping. The same process may occur during ascent in natural systEmesimportance of
crystal relaxation was revealed $ghiav et al. (2016Wwho conducted experiments on olivine
hosted MI to alternatively grow and dissolve a vapor bubble in multiple heating cycles using a
heatingstage. They observed that with repeated attempts to equilibrate the M, the temperatures
at which tke vapor bubbles grew and disappeared both increased with time. Through oxidation
decoration experimentSchiavi et al. (2016)oted the appearance of dislocation features at the
Ml/host olivine interfaces. Oxidatiedecoration experiments work well on\aiie crystalsas
they are based on oxidizing the Fe present
dislocations.Schiavi et al. (2016proposed that these dislocation features appeared due to
crystal relaxation. Thelivine-hostscould not accommate the pressure difference between
their own crystalline structures and the slightly different elasticity behavior of their MI. The
different cycles of expansion and compression induced by the high temperatures at which the
experiments were performed cadshe volume of the cavity representing the Ml to increase,
resulting in an internal pressure drop within the MI. At these lower pressures the solubility of
volatiles was lower, and volatiles contained in the vapor bubble could therefore net be re
dissohed into the melt.

The decrease in AD3, CaO, NaO and KO together with the increase of Siénd MgO
with increasing eperimental rurtimes suggest that plagioclase melting is not resposible for
these compositional drifts (Figures 83%). We propose théhese compositional drifarethe
result of reequilibration processes that are enhanced by relaxation of the plagioclase structure
over the 4day runs. The expansion caused by heating induces a pressure drop within the
plagioclasehoststhus modifyingthe partitioning behavior of the elementhis argument has
also been suggested by Danyushevsky et al. (2002) who observed the same composition drifts
in olivine-hosted Mlas reported here for plagioclalsested Ml.

Crystal relaxation is the focus ofetiollowing chapter of this dissertation. Although more
details will be given in Chapter 4, it is important to note a few differences between olivine and
pl agi ocl ase. Rh,iesits resistarice to both plaste ansl brittle defgrmaitson,
>10x that of plagioclase (Meade and Jeanloz, 1990; Rybacki and Dresen,/AH@Mesult,
plagioclase crystals are more likely to britely deformed through the form@iamg, 1998).
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However it as also been demonstrated that plagioclase have lowsralhexpansivities than
olivine, restricting their volumetric expansiarhnile relaxing(Bouhifd et al., 1996; Tribaudino
et al., 2010).These differences have consequences on how crystal relaxation affects

plagioclasenosted MI (see Chapter 4).

Crystal relaxation in plagioclasehosted MI: phase relation evidence

If changes in the phase equilibria and partitioning drivecrystal relaxation is the leading
cause of the observedropositionakchanges betwedhe 30-minute and 4day runs, it implies
that theinternal pressure of the MI drops over the course of 4 days while the samples are held
at 1230°C. The MI remampressurized because volatiles were still dissolved within their
glassesChapter 2. Nevertheless, the relaxation of the plagioclasstlikely led to a pressure
decrease within the MI. Consequenttiie to the pressure decreatiege phase relations
applicable to Ml heated for 4 days would be different than those applicable to-thia&e
runs. To test this concept, we examined the compasitithanges as a function of time within
the context of our understanding of the changes in phase equilibria and partitioning behavior as
a function of pressure and temperature.

High pressure, piston cylinder experiments performed on lunar basaltsatbusire
changing phase relations of plagioclase with presblglevasil et al. (2015pund that at higher
pressures, the slope of the lunar plagioclase solidus and liquidus flattens, which results in high
anorthitic plagioclase in equilibrium with a mai#bitic melt, compared to typicatldtmosphere
plagioclase phase relations (Figure 3.6). Further, at ~1 GPa a pseudoazeotrope is present and
divides the phase relations into two separate phase fields. The albitic side extends¢ftom An
Angsand is rougly equivalent to the-Atmosphere field whereby the plagioclase is more calcic
than the liquid with which it is in equilibrium. However, at 1 GPa the anorthitic loop extends
from Angsto Amipoand the plagioclase is less calcic than the liquid. At 2 Gfeaanorthitic
field expands to lower Arcontents (Figure 3.6).

High-pressure experiments were performed recently on MORBs (Ustunisik et al., 2017),
and demonstrated similar phase relations to those reported for lunar (dskitasil et al.,
2015) These experiments also showed that at 5 kbars the presenceidh Apinel buffers the
phase relations (Ustunisik et al., 2017). Based on recent pressure estimates for plagioclase
hosted MI from the BTFGhapter 2Figure 3.6), we believe that our sampl@8minute runs)
are best represented by the 5 kbars anorthite phase fielghladieclase crystalare Anrich
(Angzs+9), and small spinel crystals can sometimes be found as round inclusions within the Ml,

or at the glass/plagioclase interface (Langalet2013). If this hypothesis is true, then the 4
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day runs represent lower pressure phase relations due to the pressure decrease induced by
crystal relaxation. The rate at which crystal relaxation occurs is a topic of a separate paper
(Chapter 4. Howe\er, Chapter Zdocumerd that the CQ concentrations of the M| exsolved
progressivelyfrom the melt intahe vapor bubblewithin the 4day runscompared to the 30

min runs If the CQ concentration of each Ml is close to equilibrittmenbasedon H.O-CO;
concentrations analyzed by SIMS within the glass of thet©d pressure decrease is then
equivalent to ~1 kbar over 4 day€hapter 2Figure 3.6).

Mg diffusion at the MlI/host interface

The effect of pressure on the composition ofvidistested by measing the content of
MgO from the core of the Ml to the host plagioclase along EMP traverses (Figure 3.7a). We
chose to focus on MgO because it is a major element in basaltic glass, and a trace element in
plagioclase that is sufficiently concentrated soEMP can detect small variations (Nielsen et
al., 2017). In addition, we recognize that we lack information in the third dimension, which
could have a significant effect on the shape and magnitude of the peajilSfea et al., 2015).
Nevertheless, mtiple profileswere collected The 3@minute runs showedo decreasen MgO
within the plagioclasénost as one approached the, Mbwever, the 4lay runs showed a
decrease in MgO as one approached th@gure 3.7b, Supplementary Figur8)BWefound
that for the 4day runs, MgO shows a change in composition from the MlI/host interface to the
Ml interior that we interpret as diffusion profile. The increase of MgO seen within the Ml heated
for 4 days is the consequence of the scavange of that elemethérpiagioclase. Mass balance
calculations reveal that the zone impacted within the plagioclase at the Ml/plagioclase interface
increases with the MI radius. Our calculatiemonstratéhat it is possible to scavange 0.5 to
1.0 wt. % MgO from a 227 um plagioclaseradius at the Ml/plagioclase interface for ajir@i
Ml-radius (Figure 3.7c; Supplementary Table B9)

The absence of profiles within the-&tinute experiments does not mean that diffusive
re-equilibration @esnot occur, only that we cannot detdoém using EMP (Supplementary
Figure B3). Indeed, diffusion between MI and their hosts comoce all the PEG dissolved
back within the MI, which are then solely left with a homogenaoe# phase and one or
several vapor bubbles. We argue nevertlsdalest these diffusive exchanges are only significant
once crystal relaxation occurs and enhance the process, which does not occur within 30 minutes
of heating experiments.

We calculated Mg partition coefficients gg) for both 3@minute and 4ay runs fo (1)

Ml/host interfacesand (2) between MI and their host plagioclase with MgO analyzed within
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the hosts 30 microns of any MI. We found thaidgcalculated for MgO analyzed within the
host plagioclase away from the interfaces showed statistically asiméisults for both
experimental run times, with a range going from 0.020 to 0.027 over the anorthite of our
samples (Supplementary Tables B7; B8; B9). These values are similar to tipedsghre data
and most of the MI pairs published on MORBs for thme range of Aitontent by Nielsen et
al. (2017). Additionally, our results show a weak @atirelation between @ and the An
contens of the plagioclaséosts (Figure 3.8; Van Orman et al., 2014). Bindeman et al. (1998)
and Costa et al. (2003) demontththe dependence of Avontenton the activity of MgMost
elements in plagioclase have partition coefficients that are anticorrelated with An, and Mg is
therefore no exceptiofBlundy and Wood, 1991; d8lard, 2006).

However, at the Ml/host interface ftre 4day runs, the Ry exhibit values from 0.014 to
0.020, which weattributeto a ~25% reduction in the partition coefficiérdm our 3Gminute
runs, and 4day runs away from the Ml/host interfac®ge interpret tks reduction in partition
coefficientto bethe result ofa drop inDwmg as a function of pressure. The difference between
Dmg measured at the interface anggDneasured using the host composition is statistically
significantaccording to the-test (Supplementary Tables B7; B8; B9; B10).Hattcase, the
anticorrelation with Ancontent is nonexistenthe An-content of the plagioclase does not
statistically change even when estimated at the Ml/host interface within-dag 4uns
(Supplementary Table B10). This 25% decreasevgndannot beattributed tothe addition of
a stoichiometriplagioclasecomponeninto the Ml after 4 days as we observed an increase of
SiO, together with a decrease in Xy CaO, and A3 (Figures 3.33.5). Instead, we attribute
this decrease to a change iATRas afunction of time. Theoretically one could test this
hypothesis by examining the experimentally determined Ds as a function of temperature.
Unfortunately, the precision of those experiments is insufficient to make such an evaluation
(Nielsen et al., 2017)We do not know the pressure dependencevgiizell enough to evaluate
the change as a function of pressure. However, we do know thagiatidoning between the
vapor bubbles and the glasses of the MI increase with increasing run times, suggesting a
pressure dependence of the MI compositions with experimental run thepter 2.

Diffusion may be a function of the crystallographic orientation. However, it has been

shown that Mg diffusion varies negligibly between the b and c axes of plagioclas@i(vian
et al., 2014)In addition, we did not see any significant differences in the magnitude or width
of the profiles in our experimentSonsequently, the orientation of the crystal at which the EMP

analyses were performed is not relevant, and thelgsadre interpreted to be representative of
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diffusion within the host plagioclase. As a result, we attribute the observed MgO diffusion

within our 4day runs to crystal relaxation.
CONCLUSIONS

We have demonstrated that plagioctassted MI are reliable foestimating the range of
compositions of primary magmas, as long as one understands the processes active during
entrapment and homogenizatiexperimentsApproximately 76% of plagioclase hosted Ml in
this study retain their S during heating experimentsh the remaining 24% having lost
significantS as a result of leakage. Understanding how heating experiments affect the chemistry
of Ml is key to our ability to assess the chemistry of the plagsscinegacryst parental magmas.
From our experiments, ti\dl heated for 30 minutes have compositions matching-pigissure
experiments on lunar basalts and MORB&Kvasil et al. 2015Ustunisik et al., 201Y.
However, after 4 days of heating, the composition of Ml is substantially modified, which can
be attribtied to crystal relaxation. As the plagiocldsests expand during longer experimental
runs at high temperature, their pressure drops to compensate for volume increase, leading to
major element requilibration within the MI. C@ and HBO analyses performedn Ml
homogenized for 30 minutes and 4 days confirmed therigésure origins of the MI, and the
internal pressure drop hypothesized to be the cause obtfgositionaldrift within the 4day
runs Chapter 2. Finally, Dvug unaffected by crystal relaxati show an anticorrelation with the
plagioclasenost Ancontents. However, after 4 days of heating, this anticorrelation disappears,
and the g dropped by 25% as a result of MgO migration fromglagioclasehostinto the
MI. Overall, this study revealetthe importance of understanding post entrapment processes
such as crystal relaxation and diffusive-euilibration Equally important, our results
document that the conditions of homogenization experiments may be a moving target,

influenced by relaxatioand diffusive resquilibration.
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FIGURES AND TABLE

Naturally Quenched Plagioclase-hosted Melt Inclusion

Plagioclase-hosted Melt Inclusions after Laboratory
Heating

Plagioclase Host

E 15KV

Melt Inclusion|[vap0r Bubble| [Albitic Rim|

Melt Inclusion
glass

Vapor Bubble |

200 pm

Figure 3.1: a) Back scattered electron image ofaahomogenized MI (light grey) within its

host plagioclase (darker grey). An albitic rim (in dark grey) developed at the contact between
the MI and the host plagioclase. Within the MI, post entrapment crystallization (PEC) and a
vapor bubble formed due tlecrease ipressure and temperature; a) Simplified schematic of
the BSE image shown in a). b) BSE image of two heated host plagioclase wiMlith@uring

the heating experiment the PEC is dissolved back intd/thglasses. Note the presence of
vaporbubbles in mosiI, and the large vapor bubble in the upper crystal.
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Figure 3.2: S (ppm, pg/g) vs. FeO* (total, wt.%) showing the proportiobfthat retained
their integrity and tbse that breached duriREChomogenization. The wcompromisedvl

are plotted with an open circle. The black diamonds represent fdi #tiat breached during

PEC homogenization. The blue line is defined by MORBs glass analyzed by Wallace et al.
(2005) and represents the sulfide saturation line. Any Ml that is netwvat of the averag&
concentrations considered breached. The FeO* notation means total iron measured on the
EMP, which include both FeO and H8. The errors displayed are Z&and based on the
reproducibility of our standardSupplementary Tables BB3; B5).

30 minutes 4 hours 4 days
S (ppm) 896.0 + 155.8 890.4 +152.4 939.8 + 115.7
FeO* (wt%) 79+0.6 8.0+ 04 83+1.1
NaxO (wt%) 2.7+0.3 2.4+ 06 1.8+0.2
CaO (wt%) 12.2+0.5 12.1+04 10.8+0.6
MgO (wt%) 8.1+05 8.5+08 9.0+ 06
Al,03 (Wt% 17.0+0.6 16.6 + 04 16.1 £ 0.6
Na,O+K>0 (wt%) 29+0.3 2.7+ 06 1.9+0.2
SiO; (Wt%) 51.0+1.1 51.3+08 52.2+1.0
Na.O/CaO 0.22 £0.01 0.20+0.@¢ 0.16 £ 0.02
MgO/Al ;03 0.48 £0.04 0.52+0.6 0.56 + 0.04
Number of analyses 86 23 17

Table 3.1: Table showing the differences in compositions observed betMeéeated for 30
minutes 4 hours,and 4 days. The numbers represent the average for each element/ratio and

their

standard

devi

at.i

ons

(20) .
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Figure 3.3: a) Plot of AbOs (wt.%) vs. MgO (wt.%) showin@/ll heated for 30 minutes with

open circlesMI heated for 4 hours (grey diamonds)d Ml heated for 4 days with black
diamonds. The cotectic is shown as a solid grey line and was plotted from MORB glasses
analyses from SouBageet al., 2002 b) Plot of MgO/AbO3 vs. heating time in minutes

showing the chemical changes occurring in the Ml while run times increadd! Alsplayed
onthisgraphareubr eached. The errors displayed are =
our standards (Supplementary Tables B2; B5).
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Figure 3.4: NaO/CaO vs. run times (min) showing theeaguilibration processes occurring

with increasng run times. Th&l are displayed with opened circles. The host plagioclase data
is displayed with black squares. Only-breached Ml are displayed. The errors displayed are
20 and based on t Btandards (Suppleinentary@ablesiB2;B8).of our
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Figure 3.5: Alkaline (N&O + KxO; wt.%) vs. SiQ (wt.%) for Ml heated for 30 min (grey

circles) and 4 days (black circles), compared to MORB erupted glasses from the LEPR database
(open diamonds; Grove and Bryan, 1983; Tormey et al., 1987; 8attal., 1991; Kinzler and

Grove, 1992; Yang et al., 1996; Thy et al., 1998; Kohut and Nielsen, 2003), arFiR1IARUB

Glass (black stars; Nielsen 2011). Onlyhreached Mhre displayed. The errors displayed are

20 and based on the reproducibility of our s
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Figure 3.6: Schematic of the plagioclase phase relations based on high pressure experiments
on lunar basalts (Nekvasil et &2Q15), and MORBs (Ustunisik et al., 2017), aratthosphere
experiments (Bowen, 1922). The-Blnute runs relate to the higihressure loops of ~5 kbars,
whereas the-dlay runs relate to a lower pressure drfee PEC homogenization temperature is

also disphyed in green.
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Figure 3.7: 8) BSE image shoimg the track ofa 1-um-step analyis from core of the Ml to the

host plagioclaséor a 4day run b) profil resulting from the um-step analyis. The top profil

shows the full range of MgO, the bottonofiis a zoom within the MgO range of plagioclase.

The yellow box corresponds to the MI, which has audOradius; the grey box corresponds to

the plagioclase. ¢) mass balance equation showing the hypothetical radius of plagioclase
scavengedi(m) for MgO acording to the radius of the Mun). The calculations were made

for a 10000 ppm MgO increase within the Ml (open circles), as well as for a-ppddincrease

(black circles)More diffusion profiles, as well as the details of the mass balance calculatio
can be foundin supporting information Apendix B, Supplementary Figure B3, and
Supplementary Tables B8; B9.
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Figure 3.8: Mg patrtition coefficients (DMg) calculated between Ml and host plagioclase versus

the An-contents of the host plagioclase. Pantitmpefficients were calculated for -B@inutes

runs at the Mlost interface (grey squares), the-BOnute experiments within the host
plagioclase, away from thél (black square), as well as foidday runs at th&ll/hostinterface

(open circle), and the-day experiments within the host plagioclase, away fronMhgreen

circles). Errorsare e ported in 20 (Appendix B; Suppl eme
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ABSTRACT

Interpretation of melt inclusion (MI) data requires that we understand the impact of the
major post entrapment processes. Although crystal relaxation has been relatively rarely
acknowledged as important, new evidence suggests that it has substgpdietsimn Ml
chemistry, mineral structure and the internal pressure of MI. Crystal relaxation impacts the
volatile partitioning between the melts and vapor bubbles of MI. It also likely enhances
diffusive reequilibration between MI and their minettabsts.Crystal relaxation occurs when
a mineral spends long periods of time at magmatic temperaturéoposttion. It consists in
the relaxation of a mineraldés structure and
volume increase, the internal presswrithin the mineral drops. To better understand the
phenomenon of crystal relaxation and quantify the volume increase, we present results of
heatingstage experiments designed to induce crystal relaxation within plagibcats Ml,
as well as measuremts of MI and vapor bubbles volumes. Experiments revealed that
plagioclasenosted Ml behave differently from olivideosted MI to crystal relaxation. The
relaxation of the hogplagioclase induces a strong pressure gradient with the MI that remain at
high internal pressure. The MI become quickly supersaturated leading to volatile exsolution
into vapor bubbles through episodes of bubble nucleation past a temperature threshold that is
~40°C above their post entrapment crystallization homogenization tempeiattin Ml and
vapor bubbles experience a volume increase, but vapor bubbles usually see their volume
increase >100%, whereas Ml only experienc®% Jolume increase in average. We suggest
that the volume increase of Ml is limited by the low coefficierftthermal expansivity of the
hostplagioclase. The volume increase of the vapor bubbles is limited by the amount of volatile

dissolved originally within the MI from which the vapor bubbles can grow.
INTRODUCTION

Statement of the problem

Melt inclusions (M) are pockets afnelttrapped during crystal growtfheir chemistry
and volatile contents are assumed to be closer to parental melts than volcanic glasses that have
been subject to fractionation processBecause MI evolve as quadbsed systems after
entrapment, they are more likely to retain the chemistry and volatile information of the melt(s)
from which their hosmineral crystallized thamagmas that have subject dépen system
processe$Roedder, 1979; Lowenstern, 1995; Danyushevsky et al., 2002, Toplis, 2005
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SteeleMaclnnis et al., 2011; Schiavi et al., 2016 ; Maclennan, 2017; Chapters 2. arus3
makedMl powerful tools for assessing the early magmatic history of igneous rocks (Kent, 2008;
Métrich and Wallace, 2008).

At the time of entapment, a Ml is composed of a single homogeneous liquid phase
representing melt from which its minetabst crystallized. However, M| are subjected to post
entrapment processes that alter their chemistry and mtukfy volatile partitioning. Post
entrapnent processes occur duedbangingP, T conditions, the most common being post
entrapment crystallization (PEC), which consists of daughter crystals growing inward from the
walls of the MI. Both PEC and decreasing P, T lead to the formation of vapoebubét form
from volatile exsolution (Kent, 200Blétrich and Wallace, 2008). PEC can be reversed through
heating experimentshe objective of which iso recover the original chemistry and glassy
texture of MI by dissolving the daughter crystals backht melt from which they formed.
Vapor bubbles, the result of exsolution of volatile species from MI, however, can resist these
heating experiments (Chapter 2). Heating experiments performed on tiosted Ml have
demonstrated that vapor bubbles candissolved back into the melt of MI, however either
extremely high temperatures or abrupt temperature changes are required (Wallace et al., 2015;
Schiavi et al., 2016). The issues with those experinemetthat they irreversibly modify the
chemistry of M] requiring post experimental correctiddanyushevsky and Plechov, 2011

Interest in studying vapor bubbles has grown with the realization that they may contain
substantial amounts of the total &®.0, and S that were originally dissolved in.Mis the
importance of vapor bubble grewnalytical techniquesvere improved toallow for their
guantification (Steekaclinnis et al., 2011; Hartley et al., 2014; Moore et al., 2015; Esposito
et al 2016. It was found tha€O, may partition from 40 to 90%ithin the vapor bubblesf Mi
(Moore et al., 2015; Wallace et al., 2015). Additionally, given the strong partitioning HitCO
is difficult to determine whether the G@resent in vapor bubbles exclusielriginates from
MI exsolution. It is possible that at the time of melt inclusion entrapment, a supersaturated melt
containing bubbles was trapped simultaneously by the mihestltogether with the melt
inclusion. To accomodate this possibility, reskars have adopted the practice of only
analyzing vapor bubbles that represéri% of theMI volumes(Moore et al., 2015). This
approach minimizes the possibility of overestimatingp@undances in MI. However, vapor
bubbles may still experience a volume increase after their formation if more volatiles exsolve

from the melt due tolanging PT conditions.
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Background information

Crystal relaxations defined as the volume increase of a mineral subjected to abrupt or
prolonged changes in pressure and/or temperature. In this view, a mineral can expand while
residingat magmatic tempature for long periods of time post formation such as in cumulates,
magma lenses, and transportmagmas Conversely, while ascending within its hoselt, a
mineral is subjected to a pressure decrease thatsfalaration.

The study of olivinehostedMI reveals that crystal relaxatiamay bea major post
entrapment process that greatly affects the structure of both MI and theaininesals (Schiavi
et al., 2016). Heatingtage experiments based on repeated cycles of both ingeaxl
decrasing tenmperature demonstrated the existence of crystal relaxation based on two key
observations. The first observation is that the temperature at which the Ml homogenize
increases with time and is accompanied by a temperature increase of the vapor bubble
appearane and disappearance (Massare et al., 2@@hiavi et al., 2016). The second
observation is that dislocation features form at Ml/olivine interfaces due to cycles of expansion
and contraction of the mineral host. These dislocation features result fromffehentplastic
properties of the MI and their host olivines. (Schiavi et al., 2016). They are easily revealed
within olivines through oxidatiowlecoration experiments (Kohlstedt et 4B76).

For the case of plagioclasgystal relaxation was suggedtas the cause of decreasing
internal pressure due to longer experimentaitnones within plagioclas@osted MI (Chapter
2). Our timeseries experiments performed from 30 minutes to 4 days on plagibcsies Ml
in a Iatmosphere vertical furnace revedicompositionathanges in the Mvith increasing
run times as well as the occurrence of MgO diffusing aitibost interfaces (Chapter 3). The
experiments also revealed a 15% increase offia@itioning between melt and vapor bubbles
of Ml with increasing run times (Chapter 2). If crystal relaxation is indeed responsible for these
changes, then the observation and quantification of such a phenomenon would help
understanding its mechanisms. It would also help us to develop a more accurate methodolog
for determining pressure information from &B-0 studies of Ml in any mineral by removing
the bias from only analyzing MI with small vapor bubbles.

We present a study basediossitu observation and volumetric quantification of crystal
relaxation. Ougoal is to both demonstrate the existence of crystal relaxation in plagioclase and
understand its implications for G@artitioning and compositional drifts with increasing run
times. Our attempt to image crystal relaxation through dislocation featupgagioclase is

challenging given the paucity of Fe and its reluctance to oxidize in this system. Consequently,
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another methodology needs to be developed to prove the existence and impacts of crystal
relaxation within plagioclashosted MI. In this regardwe performed heatingtage
experiments to induce crystal relaxation and to quantify the volumetric increase of both Ml and
vapor bubbles through microscopic images. Our results reveal that crystal relaxation affects
plagioclase differently from olivine,ut nevertheless confirm that crystal relaxation is the
leading cause for the observed volatile and chemical discrepancies with prolonged exposure at

magmatic temperature post formation.

METHODOLOGY

Sample provenance

The sample chosen for this study is agibclase ultraphyric basalt (PUB) from the
Blanco Transform Fault (BTF). The BTF is &3km rightlateral transform fault located off
the coast of Oregon (USA), which separates the Juan de Fuca Plate to the north from the Pacific
Plate to the south. TH&TF split a midocean ridge in two with the Juan de Fuca Ridge to the
NE and the Gorda Ridge to the SW (Embley and Wilson, 1992). Sampt¢R%das chosen
as the experiment al focus, and it was retri e
below seadvel Sprtel 1997) The plagioclase megacrysts are-0.2 cm in diameter and
contain multiple Ml that are typically 250 pm in diameter and with a few that are >50 pum in
diameter. The samples were douptdished using alumina powder to make sure theaie

flat and immobile within the heating stage.

Experimental procedure

Following Schiavi et al. (2016), we placed a doutddished host plagioclase on a
sapphire disk within a Vernadskype heating stage at the Laboratoire Magma et Volcans,
(LMV, Universittd 6 Auver gne, France) t hiasituoadervationef f or
the MI during the experiments (Schiano, 2003). The samples were subjected to cycles of
increasing and decreasing temperature in order to observe the appearance andalisepfea
vapor bubbles. In our experiments, we hoped tareate and observe MI complete
homogenization (PEC + vapor bubbles) at elevated temperature, as wedles ofvapor
bubble disappearance and appearanttetemperature variatioio verify theprocess of crystal
relaxation within plagioclaskosted MI. We also aimed to observe and quantify the apparent
volume increase of both MI and vapor bubbles.

We performed a total of 9 experiments. The two first experiments (Experiments #1 and
#2) were condeted in air, as plagioclase does not oxidize. However, we decided to perform the
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remainingseven experiments (Experiments-#& under an oxygen fugacity of 1@tm by
injecting a purified He flux into the heating stage to have better control over thertdare.
A small amount of gold metal with a known melting temperature of 2@6das placed next
to the crystal as a reference to monitor the temperature. In our experiments, the gold
systematically melted at 1038, so 26C was added to all the temptires listed in this paper.
The temperature itself was monitored with ePBtRMho thermocouple with an estimated error
<5 °C. During the experiment, the temperature was increased at abdi@/b@i@ close to that
of the MI entrapment temperature. Omteéhe entrapment temperature, we waited until all the
PEC were dissolved back into the melt, and then, for all experiments but one (Experiment #4),
the temperature was increased at abof€1@in to observe vapor bubble behavior.

Pictures were taken thughout the experimental runs to document our observations.
From these pictures, we estimated long and short axes of both Ml and vapor bubbles using the
6Line Segmentd measur i @dJgheseanedsuremmentt w&elusdddo | | |
calculate volumegssuming the MI to be oblate and the vapor bubbles to be spherical. Each
axis measurement had a 0.5 4emor associated that was then propagated to the volume

calculations (Moore et al., 2015).

RESULTS

Bubble nucleation episodes duringheating experiments

From the first experiment onward, we observed that plagictiaseed M| behaved
differently than Ml in olivine in the sense that the vapor bubbles did not disappear, leading to
the necessity of adjusting the experimental procedureitu microscopic bservations
consistently showed the following: (1) at the initiation of the experiment, the Ml are fully
crystallized with PEC; (2) around 1200°C, the first daughter crystals dissolve back into the melt
of the MI; (3) between 1225°C and 1240°C PEC homageioin is completed, and one or two
vapor bubbles remain. The vapor bubbles tend to shrink a little with the disappearance of the
last daughter crystals, but never completely redissolve into the Ml; (4) ~40°C above the PEC
homogenization temperature, the &periencea sudden episode of bubble nucleation.

The episodes of bubble nucleation occur from the walls of the Ml inwards. The newly
formed bubbles quickly migrate toward the original vapor bubble and coalesce with it, forming
a single larger aporbulble. These vapor bubbles do not nucleate from random places on the
MI walls. The vapor bubbles all nucleate from only a few spots and coalesce linearly to the

bigger vapor bubble, usually located at the center of the MI (Supplemental Files C1 and C2;
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Figure 4.1). This phenomenon occurs in a matter of secamuipf the newly formed bubbles
coalescing quickly within the original vapor bubble. Tée remainingoubbles can take up to
2 hours to coalesce (Supplemental Files C1 and C2). Episodes of bublelationccan be
repeated many times during each temperature increment without breaching the MI until a
threshold temperature is reached beyond which nothing happens up to the point that the crystal
melts. The Ml that breach, are located near cleavage pkamdyer near the plagioclase surface.
(Supplementary Files C1 and C2; Figure 4.1).

Each experiment aside from Experiment #4 followed the same procedure. Experiments
#1 and #2 served as observational experiments and no pictures were taken. Pictuk@séor vo
guantification were taken for Experiments #3, and#85 For Experiment #4 we let the
plagioclase sit for 5 hours at 1256°C, the temperature at which a few Ml experienced an episode
of bubble nucleation, to see if we could observe vapor bubble deamoe with time. No

additional episode of bubble nucleation nor bubble disappearance occurred.

Temperature of bubble nucleation episodes

The temperature at which the MI were homogenized for PEC varied between 1225 and
1240°C, which agrees with previougiemtes made from the anorthite content of our crystals
(Sinton et al., 1993; Nielse@011).All Ml homogenized for PECtadl232 + 5 °C (ft). The first
episode of bubble nucleation occtrd0°C above the PEC homogenization temperature, with
an average of 1270 + 16 °Q)(ITable 4.1). ThéargestMI tend to experience their first episode
of bubble nucleation first, but that phenomenon issgstematic (Figure 4.2). The temperature
of last nucleation recorded is in average 1335 + 32 8CTdble 4.1), which is100 °C above
the PEC homogenization temperature. The final temperature at which the experiment was
guenched for MI 7_1 and 7_2 cesponds to the maximum temperature at which an episode of
bubble nucleation was observed. A further increase of temperature did not induce any more
episode of bubble nucleation. However, for the other samples, the final temperature at which
the experimentsvere quenched correspond to the temperature at whighlagmclasehosts

started to melt.

2-D quantification of volumes

After experimentation, it was determined that both MI and vapor bubbles expdrience
volume increases. Ml volumes increased on awelpg32%, with a range from 6% to 88%.
Vapor bubble volumes increased on average by 561% and ranged from 62 to 1451% (Table

4. 2). We only considered vapor bubbles that
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to assume that these vapor bublitesed only from volatile exsolution from Ml and not from
co-trapping of over saturated melt (Moore et al., 2015). There is no correlation between M| and
vapor bubble volume increases, suggesting that there are different mechanisms explaining the

MI volumes increase on one side, and vapor bubbles volumes increase on the other side.

quantification correlations

Correlations () were assessed through linear regressions calculated using Excel. A
strong positive correlation witi?+ 0.82 exists between thaitial and final volumes of MI
(Figure 4.3a). This correlation is lower witt¥10.67 for vapor bubbles (Figure 4.3b). The last
temperature of bubble nucleation seems to be roughly correlated to the vapor bubble volume
increase with%= 0. 65, but tempetare and MI volume increase are not correlated (Figure 4.4).
The temperature difference between the first and last episode of bubble nuclgdijon (
correlates positively f= 0.61) with the difference between initial and final volume of the vapor
bubbles (Figure 4.5a). This correlation exists as well betw@eand the difference between
initial and final volumes of the MI but is much weaker%s(0.44 (Figure 4.5b).

DISCUSSION

structural differences between olivine and plagioclase

Crystal relaxation operates differently in plagioctassted Ml compared to olivire
hosted MI. Within the plagioclase crystals, crystal relaxation operated throughevoicrease
of both MI and vapor bubbles associated with episodes of bubble nucleation. In olivine, crystal
relaxation occured through the increase of temperature for both complete homogenization and
bubble reappaearance (Schiavi et al., 2016). It is m®sential to understand why olivine and
plagioclase behaved so differently under the same experimental conditions.

Anorthite has lower coefficieatof thermal expansivity than forsterite (Figure 4.6;
Berman, 1988; Bouhifd et al., 1996; Abramson et &971 Gottschalk, 1997; Holland and
Powell, 1998; Tribaudino et al., 2010). Additionally, plagioclase coefficients of thermal
expansivity decrease with increasing anorthite content (Tribauding 20&0). In anorthite,
most coefficients of thermal expavisy are below 2.5x10. K, whereas coefficients of
thermal expansivity of forsterite are generally above this value (Figure 4.6). Consequently,
plagioclase cannot deform as madolivine, making their structure more predisposed to brittle
deformatian. In additionthe strength oblivine, i.e. its ability to resist both plastic and brittle
deformationjs 10x higher he one ofplagioclase. At room conditions, olivine has a sttbeog
2.7 GPa, whereas at 2 GPa, its stteig5.9 GPa (Meade and J&an 1990). In comparison,
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at 1 GPa the stretlgof plagioclase varies between 0.17 and 0.30 GRmi{3tand Tullis,
2001). We argue that the key point driving those differences reside in the fact that olivine
deforms more plastically and plagioclase muniglely.

Pressure gradient between host confining pressure and internal Ml pressure

According to Tait (1992), episodes of bubble nucleation are expected to occur once a
hostmineral starts cracking. Cracking occurs alongsideegisting microcracks ahis due to
the decrease of tensile stress of a mineral at the interface with a melt inclusion. The bigger the
MlI, the more likely cracking will occur within the hestineral. Tait (1992) demonstrated that
minerals with lower surface energy are more subfeccracking, such as olivines as
compared to quartz. If the cracks propagate to the MI, degassing will follow, unless quenching
of the MI occurs rapidly. If the cracks do not propagate to the Ml, a pressure gradient develops
between minerahost and Ml Pressure gradients develop owing to different compressibility
and thermal expansiyitbetween the minerdlost and their MI (Zhang, 1998). As a result, the
Ml internal pressure lowers and becomes quickly ssaemrated in C& which leads to an
episodeof bubble nucleation. We did not observe cracks within the plagioclase crystals post
experimentation. However, microcracks are the predominant deformation mechanism of
plagioclase under low confining pressure (<1.5 kbars) and high temperature, wharglasrat
confining pressures, dislocation creep becomes the prefered deformation meqiarlism
and Yund, 1977)Microcracks form alongside @eage planes and near to heterogeneities such
as Ml (Tullis and Yund, 1977). It is therefore likely that micemds developed during
experimers but would require transmitted electron microprobe (TEM) imaging to be revealed.
In addition, we suggest that the plagioclase cleavage planes could induce a pressure gradient
between the confining pressure of the plagiackasd the pressurized Ml just as cracks would.
If a pressure gradient can be established, the MI reyaaimgh pressure while their hosts has
relaxed.

We attribute the occurrence of multiple episodes of bubble nucleation to the following
(Figure 4.7) At entrapment time, the parental melt and MI are at the same presst®(#.
In our case, we estimate this pressure to be about 5 kbars (Chapter 2). During ascent to the
seafloor and quench, the MI crystallize with PEC and one or multiple vaporelsidypear due
to decreasing internal pressurg<{P). The system itself is at 320 bars, which is the pressure at
which our sample was erupté8prtel, 1997; Chapter 2). Consequenthe confining pressure
of the plagioclasedr = 320 bars. At quench tithe ocean temperature does not allow crystal

relaxation to occur. It is nevertheless important to note that crystal relaxation might have
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occured during transport to the seafloor. During homogenization experiments the confining
pressure of the plagioda is 1 bar. The PEC dissolves at entrapment temperature in a matter
of 20-30 minutes. The cleavage planes relay the confining presssijec(®ser to the Ml that

start experiencing internal pressure decreasg (Fhis internal pressure decrease is not
significant, i.e. does not induce an episode of bubble nucleation, until the temperature is about
40°C above the PEC homogenization temperature. At about 1270°C, the first episode of bubble
nucleation occurs due to both the plagioclase structure relaxithghe resultant drop in
pressure within the MI. Relaxation produces a suddesdv@rsaturation leading to a bubble
nucleation episode. Each increase of temperature starting this point induces more relaxation of
both the plagioclase and MI leading to afdigional internal pressure decrease>fR>F)

within the MI, thus leading to additional episodes of bubble nucleation (Figure 4.7).

Pressure differentialto allow an episode of bubble nucleation

One can estimate the amount of internal pressure decresadedwithin a Ml to induce
an episode of bubble nucleation. This internal pressure decrease represents the pressure
differential between the G&H20 saturation pressure existing within a Ml at instarand the
lower internal pressure existing in the Mfter a rise of temperature inducing relaxation at
instant ¢. In the case of a subaerial eruption, Tait (1992), estimated that while the host has
equilibrated to its confining pressure of 1 bar, the MI may still be pressurized at up to 90% of
their entrpment pressure. It is beyond the scope of this chapter to calculate the pressure
differential needed to induce an episode of bubble nucleation. Nevertheless, two studies
estimated that an episode of bubble nucleation within a basaltic melt can occupresisare
differential of 150300 bars in the case of a heterogeneous episode of bubble nucleation, and of
500 bars in the case of a homogeneous episode of bubble nucleation (Le Gall and Pichavant,
2016b; Shea, 2017). Bubble nucleation episodes occuredtfre Ml wall and form from a
COp-saturated melt (Chapter 2), suggesting a heterogeneous bubble nucleation process (Le Gall
and Pichavant, 2016Db). In this regard, every increase in temperature induces the crystal to relax
causeing a de cwitgnahe MI, whith is@no8gb © indueerarsepisode of bubble
nucleation. In this regard, it should be possible to induce episodes of bubble nucleation as long
as there is still some Gdissolved within the melt of the MI. Bubble nucleation episodes would

only stop if the MI reached the confining pressure of their hosts (i.e 1 bar).

CONCLUSIONS

Crystal relaxation has substantial impacts on the composition of MI. The specific effects

vary according to the nature of the mindmakt. In the case of our expaents, the increase of
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temperature beyond the homogenization point provokes bubble nucleation episodes that can be
explained by the exsolution of further volatiles from the melt of the Ml into their vapor bubbles.
This exsolution is the result of a prass gradient that develops in between phagioclase
hostsand t heir Ml due to the crystalds cl eavag
microcracks. On average, Ml experience a 32 % increase of their volume, whereas vapor
bubbles experience oaverage a volume increase > 500%. We suggest that the MI are
constrained by the low coefficients of thermal expansivity of anorthitic plagioclase that limit
their expansion. On the other hand, vapor bubbles can experience volume increase until there
are nd enough dissolved volatiles within the melt of Ml to be exsolved. These observations
confirm that the increase of G@artitioning into vapor bubbles with experimental run times,
as well as the existence of diffusiveaguilibration processes are inddéé result of crystal
relaxation (Chapters 2 and 3)

Future directions include the addition eD3microtomography data to be compared
with our 2D volume estimates, as well as TEM work to image dislocation in the plagioclase
crystals caused by crystal aghtion.3-D micro-tomography data will give stronger support to
our volume calculations and correlations for asserting the extent of crystal relxation on both the
MI and their vapor bubbles. With TEM we hope to image the presence of either microcracks or

evidences for plastic deformation such as dislocation creeps.
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