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Abstract

Ascent rates and volatiles of explosha&saltic volcanism

Anna Barth

Explosive volcanic eruptions are propelled to the surface by the exsolutrapair
bubbles from magma due to decompression. A-loelg view is that the amount ob@
dissolved in the magma at depth controls the intensity of an explosive er@rioving
evidence from studies reportittpO concentrations of melt inclusions (MIs) do sapport this
view. Instead, the rate at which magma ascends to the surface may play an important role in
modulating the eruption style. Slow magma ascent allowsapeurbubbles to rise ahead of the
magma, thereby diffusing the driving force for an esplte eruption, whereas for fast magma
ascentthe bubbles remain essentially trapped within the magma, causing acceleration and the
potentialfor an explosive eruption.

Chapterl presents a new modelling approach to constrain magma decompression rate
baswd on the incomplete diffusive-equilibration of HO in olivine-hosted melt inclusion®Ve
apply this chronometer to two contrasting eruptions at Cerro Negro volcano in Nicaragua: the
1992 VEI 3 and 1995 VEI 2 eruptions. Both eruptions have the samédeasmposition (SiQ
D 50 wt%) and maximum volatile concentrations@D 4.7 wt%). However, Mls from thiess
explosivel995 eruption appear to have experienced more water loss compared to those from the
1992 eruption, which is consistent with slowergme ascent.

We present a parameterizationttoé numerical diffusiomodel in chapter 2, which
significantly reduces the calculation time, facilitating the use of Monte Carlo simulations to

evaluate uncertaintiegVe use this parameterization to creategime diagram that can be used



to guide when melt inclusions may be usedhagmahygrometers and when they are better

suited to act as magma speedometers. We develop diagnostic tools to recognize where and when
water | oss has o0 c c historyeadd we putlire quaatithtme tools that maye n t
be used to restore the primary and/or@ngptive water content.

We find that me of the largest sources of uncertaintyniodellingdiffusive re-
equilibration of H20 in MIs and olivines is the diffusity of H* in olivine. We present new
experimentatonstraints on Hdiffusivity in olivines from Cerro Negr¢1992 eruptionand
Etha( 3930 BP OFal |l (®apterail and GespettivelyeQurugsults show Yhat
H* diffusionis highly anisotropic with the diffusivity along the [100] direction more than an
order of magnitude faster than along [010] or [Q01]i mpl yi ng a | afrge rol e f
pol arond diffusion mec hanWesalsofinduhhatithe lowes har es t h
forsterite (Fo ~ 80) olivines from Cerro Negro hawgnificantly fasteH* diffusivity thanhigher
forsterite (Fo~ 90) olivinesfrom Etna. The results for Etna agree wéth other estimates on
high forsterite olivines from San Carlos and Kilaus#ggeshg that the Fe content of the olivine
strongly affects the Hdiffusivity.

In chapter 4, wapply the methods from the first three chapters to an unusually explosive
eruption of picritic magma at Etpn8icilyi n 3930 BP (ter med mn)hvws 6Fal l
from this eruption show limited evidence for water loss and so cannot be modelled to determine
decompression rate. Instead, we modetiiffusion profiles within the olivine crystals
themselves and determine rapid ascent rates of ~15 m/s. Wenpegfavmogeization
experiments on the Mis to accurately assess theieqative CQ concentrationsand find
nearly 1 wt.% CQ Solubility modelling indicates that these MIs must have been trapped at near

Moho depthg24i30 km) T h e ma g ma @ ®ncéniragiam an@ @eep initial pressures may



have been responsible for the magmads rapid a

intensity.
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Chapter 1: Magma decompression rate correlates with
explosivity at basaltic volcanoe$ constraints from water

diffusion in olivine

Published aBarth, A., Newcombe, M., Plank, T., Gonnermann, H., Hajimirza, S., Soto, G.J.,
Saballos, A. and Hauri, E., 2019. Magma decompoesste correlates with explosivity at
basaltic volcanoe&s Constraints from water diffusion in olivine. Journal of Volcanology and
Geothermal Research, 387, p.106664.

1.1. Introduction

Volcanic eruptions are driven by processes occurring in the conduit as magma ascends
towards the surface. Chief among these is the depressuriradioced volatile exsolution which
rapidly increases the magmads beablgytasegregate T h e
from the melt controls the ability of the magma to fragment and erupt explofd@iyermann
and Manga, 2007)0ther processes, such as crystallization and shear heating at the conduit
margins further modulate the eruptive style through their control on magma vis¢Gsitya et
al., 2007) All of these processes have feedbacks with ascent rate. This is the basis for the
suggestion that aseerate may influence the style of erupti®ilson and Head, 1981;

Cashman, 2004; Edmonds, 2008; Gonnermann and Manga, 2013)

Initial dissolved volatile contents have often been cited as a controlling factor for the style of
eruption (e.gAndujar and Scaillet, 20)2For example, the transition from explosive to effusive
styles during an eruption has been previously attributed to progressively tapping deepes portion
of a magma chamber that is stratified in its volatile concentrationgjetglberger and

Westrich, 2012)However, as pointed out in a recent reviewdagsidy et ali2018) the



dissolved volatiles in melt inclusions (MIs) rarely support this claim, with no correlation between
maximum dissolved volatile contents and explosivity. Instead, the effect of volatiles on eruption
style seems more likely to arise from the rate of bubble exsolution and style of degassing (i.e.
closed versus open), which are both controlled by the magrnangeession rate.

Despite its clear importance in eruption dynamics, very few estimates of ascent or
decompression rate exist, especially for hydrous basaltic to intermediate magmas. Those that
have been made often yield contradictory results, dependiticeanethod used. In particular,
laboratory experiments involving crystallization or reaction rims typically yield slower
decompression rates, while vesiculation experiments give much faster rates, and have been
suggested to reflect the highdgceleratedifal stages of ascent and not the integrated
decompression patle.g.Geschwind and Rutherford, 1995; Toramaru, 2006; Humphreys et al.,
2008; Cassidyteal., 2018 their Fig. 5).

In order to isolate the effects of decompression rate on eruption style, we determine
decompression rates for two eruptions at the same voic&eoro Negro in Nicaragua. The
1992 VEI 3 eruption produced a 7 km high astludlovhereas the subsequent 1995 VEI 2
eruption was dominated by fire fountaining and concurrent lava filB@ggensack et al., 1997,

Hill et al., 1998) Roggensack et a]1997) saw differences in the volatile systematics for the
1992 and 1995 magma and propotet there could be a difference in ascent rate for the
different eruptions. Our work aims to test this hypothesis.

Magma composition is similar for the two eruptions (basaltic with 50 wt.%) Sit2luding
crystal content, so viscosity should be simitarthe two magmas (Hill et alLl998, our

supplementary data). Furthermore, it is thought that conduit geometry was similar for the two

eruptions because Cerro Negrods cone morphol o



vent location has been staldbrD 150 years (Roggensack et al. 1997). Thus, the 1992 and 1995
eruptions at Cerro Negro present an ideal opportunity to test the hypothesis that decompression
rate is a controlling factor in determining the style of eruption at basaltic to intermediat
volcanoes.
1.2. Approach

As magma ascends, volatile solubility decreases and the melt loses its volatiles to bubbles.
Melt inclusions (MlIs) within crystals carried with this ascending magma will begin to diffusively
lose water to the surrounding melt. Howewdpending on the timescale of ascenitdifusion
through olivine may be too slow for the Mls to remain in equilibrium with the degassing magma,
allowing olivine-hosted MiIs to preserve a higher water concentration than the host magma. We
can exploit ths disequilibrium and use diffusion modelling of id olivine to constrain magma
decompression rates.

We have developed a diffusion model of diffusion from Mls through their host olivine
into surrounding degassing melt, which is modelled as a specdreztntration boundary
condition. This is similar to previous models which assumed a spherical MI at the centre of a
spherical olivine with isotropic diffusiofQin et al., 1992; Gaetani et al., 2012; Chen et al., 2013;
Ni et al., 2017)However, given the strongly aitropic nature of Hdiffusivity in olivine
(Kohlstedt and Mackwell, 1998; Le Voyer et al., 2014; Ferriss et al.,; 2068study, we model
1D diffusion along the fag direction of the host olivine (note that we will e, ¢ from now
on to denote crystallographic directions along [1001,0], and [001], respectively). Although
this is an approximatiof,horaval and Demouch{2014)showed that this is justified as long as
the 1D profile is modelled along the fast direction, and that the diffusionaeeffalong that

direction is at least ten times faster than the two slower crystallographic directions. Under these



conditions, the results from a 1D model are indistinguishable from those of a full 3D anisotropic
model (Thoraval and Demouct30141 ther Fig. 3).

MIs lose water through the olivine at a rate dependent on the diffusivity of water through
olivine, Du, the partition coefficient between melt and oliving, the Ml size, and distance
between the MI and the olivine rif®in et al., 1992; Chen et al., 2018)nall inclusions lose
water more rapidly than large inclusions due to their higher surface area to volume ratio and
lower mass of water. Estimating the initial watencentration of the Mls using systematics of
incompatible elements, such asX allows us to estimate the amount of water lost from the Ml
by diffusion(Lloyd et al., 2013)

One of the main difficulties with watén-olivine diffusion modelling is the orders of
magnitude variation in diffusivity estimat@sohlstedt and Mackwell, 1998; Chen et al., 2011,
PadrénNavarta et al., 2014; Ferriss et al., 2018)me of this variation is due to effects of
anisotropic diffusion, while the rest is likely due to a range in olivine composition, particularly
Fe content. Mdiffusion in pure forsterite has been measured to be several orders of magnitude
slower than Féearing olivines from Kilauea and San Carlos [F80) (Ferriss et al., 2018)
This dependence of*Hliffusivity on Fe content has also been found in clinopgre(Ferriss et
al., 2016)and indicates the importance of Fe for the redox reactions necessary for the fast
0 p r @tod radiffosiord mechanism. In order to determine water diffusivities appropriate to
the system we are studying, we performed dehydration experiments on oriented olivine
phenocrysts from Cerro Negro.
1.3. Background

Water is dissolved in melt inclusions asHand OHand can reequilibrate with

surrounding melt by transport of bns through the olivine lattice. While in the olivine lattice,



water exists as Hoonded to structural oxygen in point defects. We therefore will refer to water
as H when discussing its diffusion through olivine. The amount tfhétted by different
defects can be distinguished by differences in wavelength of absorption bands mieasured
FourierTransform Infrared Spectroscopy (FTI@eran, 1969; Berry et al., 2003 this paper,
we do not focus odifferences between defects because bdlklifusion is most relevant for
MI re-equilibration.

There are two principal experimental methods to determine diffusivity from dehydration
experiments. The first is based on changes in concentration at a pagisition within the
crystal over time, while the second is based on changes in concentration with distance across the
crystal at a given time. The first method will be referred to as thesthimapproach and involves
a point measurement at the cemfa slab, assuming that water loss is confined to the direction
normal to the slab plane. The second is the whldek methodFerriss et al., 20159nd
measures concentration profiles along each crystallographic direction to determine the diffusivity
along each direction. The thstab method is easier in terms of sample premaraind data
collection because it requires the crystal to be polished into a slab instead of a cuboid and uses
one data point instead of a whole profile. However, thegldah method only provides an
estimate of diffusivity in the direction normal to thlab plane, whereas the whdick method
constrains diffusivity along all three crystallographic directions. Moreover, the diffusion
timescale can be estimated with more precision by using multiple points along a profile rather
than a single point meagament.
1.3.1. Thin Slab

Thethins | ab met hod i s based on t hedimensibnalt i on of

diffusion in a solid with a homogeneous initial concentration bounded by two parallel planes



(Figurel.1), in this casea planes. During diffusive requilibration, the concentration profile that

develops alon@ after time,t, may be described by

= (1) 2.2
Clxt) = 4_;502 ( 1)1exp(_Dt(2n+1) m )c05(2n+1)nx
n=>0

2n + 412 2L
Equation 1.1

where G is the initial (homogeneous)doncentration, D is the diffusion coefficient of H

alonga, and L is the half thickness of the samf@eank, 1975)

The FTIR measurement in the centre of this slab reflects the average concentration along this
profile, which is given by

_8G & 1 Dt(2n + 1)?n?
v = ;(2” 1y e"‘p(_ 4L

Equation 1.2

a) Whole Block b) Thin Slab

?
/Ce.g. profile||b ¢

Ella
raypath || ¢
Figure 1.1: Schematic diagram showing position and polarization of
measurements for whole -block and thin -slab methods. Yellow volume shows region
probed by IR radiation ¢ each square on olivine block surface shows position of point
measurement along profile. Red arrows show IR polarization direction for each
measurement. Blue lines show approximate shape of diffusion profile along each
crystallographic direction. Thin -slab method does not consider these profiles but only
the average water concentration (red line) along the ray path. Note that for the thin -
slab method to be valid, the slab thickness along the raypath (in this case a) need only
be thin enough such that diffusion reaches the centre of the crystal along only this
direction. Since D ais so much faster than D » or D¢, this can be achieved even in a cubic
geometry



The diffusivity alonga may be calculated by fitting the solution to this equation to the variation
of Ca/Co over time, where &/Cois determined from the FTIR measurements and time is the
duration of the heating experiments.
1.3.2. Whole block

The wholeblock method was developed [yerriss et al.2015) and provides a way to use
concentration profiles (absorption profiles from FTIR) measured in all three crystallographic
directions to determine 3D diffusivity. The method is based on a forward 3D diffusion model
that takes into accmt the fact that each FTIR measurement is averaged along a raypath that is
zoned in waterKigurel1.1). Each measurement provides a data point for the profile tisapart
of, but also adds a constraint to the perpendicular profile along the IR raypath. Further details of
this method can be found in (Ferriss et2015).
1.4. Eruption description

We focused on the 1992 VEI 3 and 1995 VEI 2 eruptions of Cerro Negrd.9bBi2eeruption
was purely explosive and produced a sustained 7 km high ash cloud. The eruption lasted 3.6 days
(April 9-13) and produced a tephra volume of 0.012 {@enserock equivalent, DRE). By
contrast, the 1995 eruption had-& Rm high ash plume dB0% of the erupted material was
lava. The eruption lasted for 13 days (November 19 to December 2nd), although appreciable
tephra deposits only formed in the last 4 days. The eruption produced 0.00(3R&) of
tephra and 0.0037 KniDRE) of lava, or about half the total volume emitted in 1992.

In terms of chemistry and petrography, the 1995 eruption is remarkably uniform

throughout the lava and fall deposits (Hill et 4B98). This is in contrast to the 1992 eruption,
which is zomd in whole rock composition due to variations in crystal proporiiadhe upper

part of the fall section has almost twice the olivine and augite as the base (HjlL898). Our



major and trace element data support previous Widdker and Carr, 1986; Hill et al., 1998)
showing that the bulk rock compositions for the two eruptions have virtually identical trace
element oncentrations, including ras@arth element patterns (see supplementary data).
Furthermore, the olivine populations from the two eruptions have the same range in forsterite
content (71.882). The consistency of magma composition over the course of mastionasu
suggests the presence of a stable magma reservoir af\deptigopal et al., 2016)

Samples consist of ash and lapilli from the 1992 and 1995 erupkimnsd€1.2). The
1992 samples were collected by Geagbto and provided by Mike Carr, and consist of a distal
ash sample collected April 14th from the town of Leon, 22 km SW of Cerro Negro, and a
proximal ash and lapilli sample collected April 13th, 0.5 km NW of the crater (IGSN:

IEACB0004, IEACB0005 seesupplement for URL).
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Figure 1.2: Map modified from (Hill et al. 1998) showing sample locations.  Contours
are isopachs for 1995 tephra-fallout in cm. Location of enlarged section (b) shown by blue
square in (a). 1992 cone and 1995 lava flow and cone shown in colour. (c) 1992 isopach map

from (L (ed.) McClelland 1992). Note the difference of scale between 1992 and 1995 isopachs.
(d) shows location of major Nicaraguan volcanoes.
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During the 1992 eruption, the@osive paroxysm started on April 9 at 23:45 and lasted
until 16:05 on April 1AMcClelland, 1992)Less steady, pulsatory activity continued until
midnight on April 12. Eruption reports say that ash began to fall in Le6n one hour after the onset
of the eruption until 17:00 on April 10, when it reached 4tbiok. After this, the winds changed
and ash fall ceased in Ledn. Therefore, our distal sample most likely represents the early peak of
the paroxysm on April 10. The proximal sample was collected on the morning of April 13, on
Cerro La Mula, where the fall depibwas >1 m thick. Material was collected from the
uppermost portion of the section, and therefore derives mostly from the late paroxysmal activity.

The 1995 samples were collected by the authors Anna Barth and Armando Saballos during

field work in August2016 (IGSN: IEACB0003). A 1.5 m deep trench was dug at the western
edge of the cone at the slope brefiggrel.2b). The 1995 sample comes from the top 15 cm;
below this we encountered coarser material with high Mg® wt.%1 suppementary data),
consistent with the final magma erupted in 1992 (Hill et1&I98). Within the 1995 deposit,
there appeared to be fine scale layering, defined by slight changes in grain size and so three 5 cm
layers were sampled separately (see IGSN: IBA@3).
1.5. Methods

1.5.1. Dehydration experiments

1.5.1.1. Startingmaterial

Two Cerro Negro olivines were oriented and polished into cuboids of sizes 1087 x 405 x 922
and 577 x 944 a3k anddCN3bloek hand CMblack 2, respectively). Sample
thicknesses in all three crystallographic directions were measured avghiad micrometer
accurate to within N 5 em. Crystallographic d

(supplement) and confirmed with electron backscatter diffraction (EBSD).



The original rims contained low water concentrations and were pdlisth, resulting in
homogeneous profiles within analytical uncertainty (10%). Major and trace element
concentration profiles measured by laser ablation inductively coupled plasma mass spectrometry
(LA ICP-MS) revealed minimal zoning in major elements)udg forsterite which varied from
77.9-80.2 % (supplement). We did, however, find significant zoning in some minor elements
(Al, Cr, Ni), although we do not believe that this has played a significant rolédiiffision

given the flat initial water mfiles (Figurel.5).
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Figure 1.3: CN block 1 spectra taken through the centre of the crystal before heating
(left) and after 40 minutes of heating at 1000 °C (right). Measurements with E|| a (red) used in
whole -block method, unpolari zed measurements (blue) used for thin -slab method. Most
water is held in [Ti] and [Triv] defects (green labels) although we do not model these

separately since Ml re -equilibration, the focus of this study, ref lects bulk H *+diffusion. For
whole -block method, entire area under the curve from wavenumber 3150 -3600 cmtis

summed for bulk water. For thin -slab method, we sum area under curve excluding mid -

wavenumber region (grey; 3400 - 3500 cm?). See text for further details.

1.5.1.2. Defect structure of starting material
We observe several absorption peaks in thé €retching region of 3158600 cm' of
the olivine FTIR spectraHgurel1.3). The largest peaks are seen with the electric vector

polarized parallel to a (E #). FollowingPadronNavarta et al(2014) andFerriss et al(2018),
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the peaks at 3328, 3358 dmre a doublet associated with a¥gacancy chargbalanced by
H* and trivalent ion (F&, Cr**, Al®*) substituting on a metal site, [Triv]; the peaks at 3524 and
3572 cm' are a doublet created by 2 Ebupled with Si* vacancy and Tt on a metal site [Ti]
(Figurel1.3).
1.5.1.3. Experimenal procedure

Both olivine blocks were heated for two 20 minute increments using a vertical furnace as
described in (Ferriss et al. 2015), with oxygen fugacity controlled b¥CO&gas mixing at
NNO+0.25 based on F& systematics in Cerro Negro Mls deterndig (Portnyagin et al.,
2014) CN-block 1 was heated at 1000 and an oxygen fugacity of 28°bars, while CNblock
2 was heated at 80C and an oxygen fugacity of 410°bars [able 1.1). We monitored
temperature using atgpe thermocouple, and oxygen fugacity with a zirconia sensor. The
sample was kept at the top of the furnace until both temperatuf®aaduilibrated, and was
then lowered into the hot spot next to the thermocouple.

Table 1.1: Experimental conditions and analytical treatment for dehydration
experiments

CN block 1 CN block 2
Size rm) 108734053 922 5773 9443 1073
Temperature°C) 1000 800

Time (min) 20, 40 20, 40

NNO +0.25 +0.25
log fO2 (bars) -10.08 -13.65

Analytical treatment Whole-block and thirslab Thin-slab
1.5.1.4. Determination of hydrogen in experimental olivine blocks

The hydrogen (B concentration was measured in the experimental olivine blocks before
and after each heating step. Spectra were collected using the Thermo Nicolet Nexus 670 infrared

spectrometer and Thermo Nicolet Continuum 15x infrared microscope at the American Museum
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of Natural History, with an aplendtaweragedavér 100 x 1
200 scans. Where higher spatial resolution wa
and the number of scans increased to 300. Some measurements ererautiple times with
different apertures, and the resulting peak areas were found to be within 5% of each other.

We fit a quadratic baseline through the spectra between wavenumbers 3150 and*3600cm
and forced the baseline through the spectra at 340QEigure1.3Figurel.3). This is to
provide consistency among measurements along the profile, before and after the experiment (e.g.
Ingrin et al., 199% Profiles for the wholédlock method were measured with a ZnSe polarizer
parallel toa. Measurements for the thglab method were taken with the raypath ala@ad
therefore could not be polaed parallel toa. For CNblock 1 we took upolatized
measurements, for Ghlock 2 we averaged measurements withtdEajjd E |E. We estimate
total absorbance by integrating the total area between the baseline and absorbance spectrum. We
focus on the [Ti] and [Triv] peaks since these are thedgsessed for all polesation
directions, and so exclude the region 38300 cm' from our area integratiorF{gure1.3).

Using the Bellcalibration,we estimate initial water concentrations for-®Mck 1 and
CN-block 2 to beD9 and5 ppm, respectively[}6 and 3 ppm using the Withers calibration)
(Bell et al. 2003; Withers et al. 2012). These are necessarily estimates because we did not take
measurements with the palesr along each crystallographic direction (further discussion in
supplement). However, the diffusivity is insensitive to absolute water concentrations since all

concentrations are nornmegd by the initial concentration.
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1.5.2. Melt inclusion chemistry

1.5.2.1. Melt inclusion preparation

Seventysix MI-bearing olivines were mounted individually in dental resin and polished
to the maxi mum width of the MI using diamond
MI sizes were chosen in order to capture the relationship between diffusieeloss and Ml
si ze. I n particular we focused on measuring s
using NanoSIMS, as these should undergo greater extente@fitdration. We then cleaned
the samples in ultrasonic baths of toluene, acetonésaptbpanol, baked them in a vacuum
oven at 110C for several days and pressed the crystals into indium mounts. Olivine orientation
was determined by crystal morphology (supplement). All measured Mls are glassy with a single
shrinkage bubble and no crylstaOnly crystals which had tteedirection exposed in the polished
plane were selected for diffusion modelling (8 for 1992, 35 for 1995) because water loss along
dominates diffusion (see below) and therefore the distance between the MI and olivine edge
alonga s an important parameter to constrain.
15.2.2. SIMS and NanoSIMS

Volatiles (O, CQ, CI, F, and S) and P in the MIs and olivines were measured on a
Cameca IMS 6f ion probe (SIMS) at the Carnegie Institute of Washington (CIW), Department of
TerrestrialMg net i sm. Smal l MI's (<30 em diameter) wel
NanoSIMS 50L. The indium mounts were galolated and placed into the sample exchange
chamber one to three days before the start of the session. To remove the gold coat and any
surface corgmination we preputtered for 120 s before beginning the data collection.

Analytical procedures followed those (¢fauri et al., 2002)using a basaltic glass

calibration curve, and in all cases measuhi® as'®0'H and CQ as'?C. A primary beam of
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Cs ions (510 nA) accelerated to 10 kV was used to create4 20 ¢ m s $So was ssedase .
a denominator for all reported ion intensity ratios. Within each session replicate analyses of
basaltic andet standard glass MR:NDO-01 (Lloyd et al, 2013) yielded relative standard
deviations (100*standard deviation/mean) of < 4.6 % fop,G(®.4 % for HO, < 4.8 % for F, <

10 % for S, and < 19 % for CI.

1.5.2.3. Electronmicroprobe
Mis and olivines wer@analysedor major elements using a Cameca SX100 microprobe
(EMP) at the AMNH. MI analyses were performed as close to the centre of the inclusion as
possible. The host olivine wasialysecatD2 0 e m fr om t he border with t
During all sessions, major elents in hydrous glasses and olivine phenocrysts were
analysedising a 1enA beam current (4A for Na) and a 15V accelerating potential with a 12
em di ameter beam. Count times for major el eme
NaO was countefbr 2 s on peak and 20 s on background; Fe@int times were 20 s on peak
and 15 s for background; Sulfur was measured on the sulfate peak position and was standardized
on BaSQ.
Replicate analysis of four basaltic glass check standards FRONIL yielded an
average relative standard deviation of <2.5 % fgDland <10 % for the remainder of the major
elements. To correct for inteun calibration offsets, all analyses were corrected using factors
determined from the accepted values for the FRO0M1 dheck standard (see supplement data,
values from (Lloyd et al2013)).
1.5.2.4. Correction for posentrapment modification
To know the concentration of elements in the melt at the time of MI entrapment, a correction

needs to be made for pemttrapment crystaflation (PEC), which occurs during cooling or Ml
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water losgDanyushevsky et al., 2000; Stedacinnis et al., 2011)We correct for PEC by

adding equilibrium olivine into the MI composition, in incremental fractions of 0.25 wt.%, until

it is in equilibrium with its host olivine. The amount of PEC calculated for the Mis ranges from O
- 9 %. Theraare two variables used in calculating the equilibrium olivine composition: she K
value and the F&/Fer ratio. We calculate a dof 0.35 using the formulation ifioplis (2005)

For Fe*/Fer, we use a value of 0.2 based orf@nof NNO+0.25 for Cerro Negr{Portnyagin et

al., 2014)and the relationship betwe&d2 and Fé*/Fer from Kress and Carmicha¢1991)

We determine the entrapment temperature for each Ml using eligund thermometry
based on equation 4 Rutirka et al(2007)and no difference in temperature was found between
the two eruptins. 1100C is the average temperature calculated, with a full range of 103®
°C and standard deviation of 1@.

1.6. Results
1.6.1. Diffusivity of water in olivine

Diffusivity was determined by the thislab method for both blocks at 800 and 1800
and was compared with results from the wHalleck method for Chblock 1 at 1000C. Figure
1.4 shows GJ/Co over time for the blocks heated at 80@d.000°C with curves representing
analytical solutions to equatidn2 Within our estimated error based on baseline choice (see
supplement), Hdiffusivity is constant over the course of the experimentd-1h?/s at 800°C
and 10'%“m?/s at 1000°C.

The wholeblock method gives the same diffusivity as the-#lab method for CN
blockl at 1000C alonga (Da=101%1*m?/s). Figure1.5 shows H profiles measured along each
crystallographic direction for bulk water (i.e. total area between spectra and baseline). OH

absorption areas for each profile are noined|to the average area measured along that profile
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for the initial, undehydrated oline. The agreement of the whdick and thirslab method at
1000°C gives us confidence in our results, and suggests that the lesistdasave thirslab
method is sufficient, as long as the samplanialysedalong the axis of most rapid diffusion (in

this case, the olivine-axis).
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Figure 1.4: Thin -slab method for CN blocks 1 and 2. Ca/Co over time for 800 and 1000
°C. Fraction of water left is given by C a/Co, where both concentrations are given by the area
under the absorption curve between 3150 and 3600 cm-! excluding 3400 - 3500 cmt. Curves
show analytical solutions to equation 1.2. Error bars determined by varying baseline
curvature (supplement).

Curves inFigurel.5 show besfit whole-block model predictions for 20 and 40 minutes.
Some uncertainty arises because of the choice abHcentration at the edge, which does not
appear to be zero, especially for the profile after 20 minutes. The higher the edge coorentrati
imposed as a boundary condition in the model, the slower the diffusivity that reproduces
observed concentrations in the crystal centre. The edge concentration is varied to give the upper
and lower bounds of £as 101%%- 10-1%2m?/s. The fits for tese bounds can be found in the

supplement.
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Bulk Hydrogen (3150 - 3600 cm*l)
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Figure 1.5: Whole-bock method for CN block 1 at 1000 °C. Path-integrated profiles
along a, b, and c for bulk water (total area between 3150 and 3600 cm ). Diffusi on along ais
>10 x faster thanb or c. Diffusivity estimate for b and cis an upper bound because of the
flatness of the profile. The same diffusivity can be used to fit profiles after 20 and 40 minutes

of heating.

The flat profiles alondp andc make itimpossible to accurately constrain diffusivity
along these directions, but do give upper bounds on diffusivity. Theg®&€m?/s and10-11’
m?/s, alongb andc respectively. Thus, diffusion alorgjs > 10 x faster than alorimor c.
To estimate B at the relevant temperatures for magma ascent at Cerro Negro, we
construct an Arrhenius relationship, and extrapolate to 3@P@hich is the average temperature
for both Cerro Negro eruptions based dimie-liquid thermometry (sectioh.5.2.9. Figurel.6
shows our Arrhenius relationship together with diffusivity estimates from the literatere
calculate two Arrhenius relationships based on the upper and lower bounds of our measurements
at 800 and 100€C, which gives the range ofilat 1100°C to bel0°87to 10°¢"m?/s. As will
be discussed in sectidn7.1.] there is additional uncertainty in the diffusivity from uncertainty

in magmatic temperature, which is shown by the red shaded rediaguire 1.6.
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Figure 1.6: Arrhenius diagram for bulk H +diffusion in olivine.  Our diffusivity for
Cerro Negro is shown in red. Vertical red bars show uncertainty from fitting procedure. Red
shading shows extrapolated diffusivity  at relevant temperatures with uncertainty from
temperature estimate and fitting procedure. 1 Quncertainty in temperature = 12 °C. Black
lines show ranges for previous measurements of proton -polaron rate (redox) and proton -
vacancy rate (PV) during hydration of San Carlos olivine as well as peak -specific
measurements from dehydration of synthetic forsterite (dotted lines, (Padrén  -Navarta,
"1 UOEOOOWEOEwW. -1 DOOw!l YUKAAS w! OUI wODPOI UwuUi 6pwdi EU
olivine (Ferriss, Plank, and Ne wcombe 2018). Estimates for bulk H * diffusivity in unoriented
MI -bearing olivines shown by grey ellipse (Portnyagin et al. 2008; Mironov et al. 2015; Chen
et al. 2011; Gaetani et al. 2012). The activation energies (&) and pre-exponential factors (D o)
for our best fit are provided in the inset table.

1.6.1.1. Importance of Fe

Although the focus of this paper is the application dTHfusivity for decompression
rate and not on the diffusion mechanism itself, it is worth discussing our rates in the context of
the exsting literature on Hdiffusivity in olivine (Kohlstedt and Mackwell, 1998; Demouchy

and Mackwell, 2008; Costa and Chakraborty, 2008; PadiNawvarta et al., 2014; Peslier et al.,
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2015; Ferriss et al., 2018)Ve determined the fastest Hiffusivity for dehydrating olivine
(Figurel.6), although faster rates have been observed dativige hydration (protofpolaron
mechanism, Kohlstedt and MackwelP98). Our diffusivity is about four orders of magnitude

faster than experiments on-free, synthetic olivineRadrénNavarta et al., 20)4about two

orders of magnitude faster thaeth 6 p-vatancy 6 mechanism (Kohl sted

1998); and also significantly faster than recent experiments on natutaaFiag olivines from
San Carlos and Kilauea (Fo B®0, Ferriss et al., 2018)he rapid H diffusivity in our
experimentsd likely related to the low forsterite content of our olivines (Fo = 35%), given
that Fe is expected to play a major role in facilitating electron exchange between defects
(Kohlstedt and Mackwelll998). The rates that we observe are too fast tovewiffusion of
met al vacancies which suggests that the
pol ar on 6 iméux df Bchargdmalanced by a flux of electrons from?Feé Fe*. This
is consistent with the observation that the th§tision direction isa, and notc, as would be
predicted for vacancy diffusion (Le Voyer et,@014). Thus, increasing the iron content of

olivine may enhance Hliffusion. A dependence of *Hliffusivity on mineral composition

ma i

highlights the benefit aineasuring diffusivity in the olivine samples being studied, at least until

the compositional dependence is better understood.
1.6.2. Melt inclusions

1.6.2.1. Melt inclusion chemical composition

We find overlapping melt inclusion chemistry for the three 1995 sample Igigtse

1.7). The exception is that the uppermost layer (A) has lower water concentration, but this unit

contains smaller Misapalysedy nanoSIMS). We attribute these lower water contents to effect

of inclusion size on diffusive water loss (see seclidh?2.2.
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Figure 1.7: Melt inclusion chemical systematics showing a) SiO 2 versus S and b) MgO
versus K20 for all samples. 1995 samples all overlap while the distal 1992 sample from peak
paroxysm is shallower (lower S) and more evolved (higher SiO 2) than the proximal sample
from final stage of paroxysm. Volatile -free values for SiO 2, MgO, and K 20. Whole rock data
for our 1995 samples (layers A,B,C) as well as last phase of 1992 shown in large symboals.
Whole rock data from (Hill et al. 1998) shown forto p and bottom of 1992 and 1995 fall
deposits. Matrix glass from (Roggensack et al. 1997) (blue=1995; red=1992).

The two 1992 samples have overlappin®Honcentrations but the distal sample from
the earlyparoxysmal phase appears to be more evolved, wtlehSiQ, K20, N&O, and lower
MgO, CaO, AtOs. The distal sample also has lower:S€uggesting derivation from a shallower

source.
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1.6.2.2. Water loss from melt inclusions

Diffusion modelling of water loss from melt inclusions requires an assumption about the
initial water concentrations in theclusionsat the time of entrapment. One approach is to use
the maximum water concentration in a suite of Mls, implying that all MIs began with this same
water concentration. However, some Mls may have been trappedafierdegassing had
already taken place, and so this approach would overestimate initial Ml water concentrations.
We correct Mls for preentrapment magma degassing using the coupled trend€odmkd HO
(Lloyd et al, 2013). Magmatic degassing is accompanied by crystallization due to the effect of
water loss on the magma liquidus, which will raise the concentration of incompatible elements
(e.g. KO) in the melt. Thus, as water decreaseSf) acreases. The 1992 anddB9magmas
have similar maximum C£and HO concentrations{ 4.7 HO, 600 ppm C@) and similar
range of KO concentrations (0.20.8 wt.%), and so we model them with a single degassing
driven crystailzationcurve. If this is correct and the two magmad kamilar initial volatile
concentrations, an interesting corollary is that initial volatile concentrations were relatively
unimportant in setting the eruption style.

We model this systematic trend using Petrol(i@&nyushevsky and Plechov, 201d) a
starting composition of 0.23 wt%2R), 4.7 wt% HO, initial and final pressures of 3 kbar and
0.85 klar, and decompression at 30 b#sAnitial pressure is based on Solex modelling ot CO
and HO MI concentrations, and lies within values previously reported for Cerro Negro
(Portnyagin et al., 2014; Venugopal et al., 2018hile the déails of the melt evolution path

may change with different model parameters, the slope of i@eH¢O evolution while the melt
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Figure 1.8: Degassing and crystallization signature (a) degassing-induced
crystallization moves melt composition upwards along the black arrow, modelled with
Petrolog3 (Danyushevsky and Plechov 2011) for starting composition of 0.26 wt b K20, 4.7
wtb H:20, Pi = 3 kbar, Pf = 0.85 kbar, anddecompressing at 30 bars/C. Measured MI H 20 is
corrected back to this black line along green arrow using measured K 20 to infer pre -
entrapment H 20 content. Dashed lines show amount of re -equilibration (i.e. diffusive water
loss + (initial water - final wat er)). Marker size scaled to show variation in Ml size (larger
markers = larger MIs). 1995 Mis have lost more water than 1992, despite extending to similar
maximum water and having similar range of K 20. (b) Crosses show measured COz and H20
concentrations, circles have been corrected for inferred diffusive water loss using method in
(a). Note that 1995 and 1992 Mls extend to similar maximum CO 2and H:0. Black curve is
calculated from Solex (Witham et al. 2012) for an initial temperature of 1,100 °C and initia |
volatile concentrations of 4.7 H 20 wt. b and 600 CO:ppm, assuming closed system degassing
with no initial vapour phase. Note that the 3 Mls to the right of the black arrow would give
infinitely fast decompression rates and are excluded from the modelling ¢ this is a limitation
of the method.

22



is saturated in Ol, CPx and Plag is robust to changes in initial pressure and cooling rate in
Petrolog3 and MELTSs. This slope is charaizesf by an increase in30 of D 0.35 wt.% over a
drop in HO of 1 wt.%.

The de@ssingcrystalizationtrend in KO-H20 allows us to remove the effect of pre
entrapment magmatic degassing and isolategrusapment diffusive requilibration within the
olivine (Lloyd et al, 2013). The amount of diffusive water loss is calculatetthaslifference
between the observed water content in the Ml and the predicted water content at entrapment,
given the observed 40 (Figurel.8). The extent of requilibration is then calculated as (water
loss)/(predicted initial kD - matrix HO ), where matrix BEO is set to 0.1 wt.%, reflecting the

lower bound measured by nanoSIMS (supplement).
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Figure 1.9: Inferred H 20 re-equilibration versus melt inclusion (MlI) size.  Higher re -
equili bration for smaller Mls is observed, as predicted for diffusive water loss. 1995 Mls are
offset to higher re -equilibration than 1992 Mls, suggesting longer diffusive timescales (i.e.
slower ascent). Black lines show model results for different decompressio n rates from our 1D
diffusion model assuming constant Ml radius/MI  -Ol -edge-distance of 1/10. 1992 and 1995
Mls are roughly separated by a decompression rate of D 0.005 MPa/s line. Inclusions < 50 Hm
measured by NanoSIMS.

23



A test for the role of diffusive ater loss is whether there is a relationship between the
extent of reequilibration and Ml size. During diffusive-ezjuilibration, smaller Mls close to the
crystal edges (along) should experience the greatest extent of water loss for a given duration
(Qin et al., 192). Indeed Figure1.9 shows that the smallest MIs haveeguilibrated to a
greater extent than the | arger ones. Specific
have lost up to 880% of their entrappedJd. As a populatio, the 1995 Mls are offset to
greater water loss than those from 1992. A simple explanation for this is that the 1995 olivines
had more time to diffusively requilibrate.

1.7. Discussion
1.7.1. Modelling water loss from melt inclusions

There is a long history of moltiag diffusive reequilibration of melt inclusions with an
external environmen(Qin et al., 1992; Cottrell et al., 2002; Gaetani et al., 2012; Chen et al.,
2013; Myers et al., 2019These models have assumed a spherical melt inclusion in the centre of
a spherical olivine and isotropic diffusion. Chen e{2013) coupled olivine diffusion with a
degassing boundary condition in the host melt, which allows the application of thusl tmo
natural olivines in order to determine magma ascent rate.

While previous studies have used a spherical isotropic model to estimate the diffusion of
H* through olivine, this approach is inappropriate becausdifflision is strongly anisotropic
with diffusion occurring approximately 1.5 orders of magnitude faster alorgydhiection
(specifically demonstrated here for Cerro Negro olivikégurel.5, and for others; Ferriss
al.,2018; Le Voyer et 812014). Numerical modetlg has shown that under these
circumstances, a 1D model is a better approximation of 3D anisotropic diffusion than a spherical

model(Thoraval and Demouchy, 2014) is worth noting that for F&g interdiffusion a 1D
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model may be problematic because diffusivityeissl strongly anisotropic witha Dy D 1/6Dc
(Shea et al., 2015)

The difficulty with assuming sph&al symmetry can be illustrated by considering the
difference between a melt inclusion close to the edge @ang far from the edge alorg
versus the oppositéigurel.10). Under the assumption of spherical symmetry, the two melt
inclusions would lose water at the same rate since they have the same minimum distance from
the edge. However, in reality, the melt inclusion close to the edge alwiijose water faster

than the one close to the edge alotty a factor of QD¢ (D 1.5 orders of magnitude).

MI 1 MI 2 MI 3
MI1 \ / Spherical,
3 . 1 Isotropic
c M2 o @ / \
I—>a D=D D=D D=C
MI 3
A, A, 1D. Consid
, Considers
CI m -5 anisotropy
D =Dc D=Da D =Da

Figure 1.10: Cartoon illustrating the problems with spherical symmetry and isotropic
diffusivity. Left: schematic olivine with 3 Mlis (red). Right: model set -up for spherical (top)
and 1D (bottom) symmetry. Blue line is the distance that would be used for spherical model,
dashed line is the distance used in our 1D model. Ml 1 is the same distance from a n olivine
edge as MI 2 and so would be modelled identically using a spherical model, with an
isotropic diffusivity. In reality, Ml 1 is close to the edge along ¢ whereas MI 2 is close to the
edge along a, and so water loss is more than an order of magnitud e faster for Ml 2. For Ml 3,
the assumption of spherical symmetry leads to the use of the wrong Ml -edge distance and
diffusivity.

We model the system as 1D diffusion al@igom a melt inclusion through the olivine to

a degassing boundarfigure1.11). The inner and outer olivine boundaries are assumed to be in
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equilibrium with the MI and host melt, respectively, using a partition coefficieftofk0.001

(SIMS measurements in this stuidgupplementHauri et al., 2006; Newcombe et al., 2D14

The lefthand boundary is in the centre of the melt inclusion and is a no flux boundary condition.
The righthand boundary is at the olivine edge and is a Dirichlet condition with4De H
concentration of the melt at the olivimeelt boundary calculated using Sol@¥itham et al.,

2012) assuming an initial ¥ of 4.7 wt.% and C&of 600 ppm (initial pressure of 400 MPa)
(Figurel.11 and fit to data irFigure1.8b). Note that this is the maximum pressure of the model,
and that each melt inclusion will record a different initial pressure determined by its inferred
initial water content (following the solubility model Figure1.11). Our presste estimates are
minima since we do not consider the £&Xbred in the melt inclusion vapour bubbles. However,

our model is only sensitive to magma ascent in the pressure region over w@ich degassing

HO
2
(n()r‘t.(i .s.c.a.l.e ) /\>N0 flux boundary 1000
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Distance from centre of MI

Figure 1.11: Model set-up for water loss from melt inclusions. Dark blue line shows
initial water concentration from centre of Ml to olivine edge. Over time, olivine and Ml lose
water to maintain equilibrium with degassing boundary co  ndition (from Solex (Witham et
al. 2012), P- H20 trend shown inset). Ml is assumed to remain in equilibrium with olivine,
using a partition coefficient of 0.001 (Le Voyer et al. 2014; Hauri, Gaetani, and Green 2006).
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(< 250 MPa), so this does not signgicly affect our results. Increasing the initial Z@put for
the Solex model from 600 to 4000 ppm only changes #ely < 10%. Finally, the assumption
of equilibrium degassing is thought to be valid feOHliffusion through basaltic melt, at least
upto 1.5 m/qPichavant et al., 2013)

During development of the code, we checked thatVil-olivine-host magma system
obeyed mass balance; the flux from the Ml into the olivine minus the flux from the olivine into
the host melt must equal the observed drop in water concentration within the olivine. We also
confirmed that when sphericalraynetry is used, the model results replicate those from the
model in (Chen et al., 2013).
1.7.1.1. Uncertainty analysis

There are several sources of uncertainty in our decompression rate. As discussed in
sectionl.6.1, there is uncertainty in the Arrhenius relationship derived froommasurements
of diffusivity at 800 and 1008C. There is also uncertainty in the temperature estimate; the
average temperature from the Ml population is 1AD0~hich we use for the modelling, but
there is a 12C standard deviation within the range @fperature estimateSigure1.6 shows
how we combine these two uncertainties into a single uncertainty in diffusivity. Finally, the
olivine-melt partition coefficient for water carries some uncertainty, as SIMS measurements of
H20 in Ml and adjacent olivine give rise to a range of values to(dGpplement).

To assess the uncertainty in our decompression rate estimates due to uncertaifties in H
partition coefficient and diffusivity we perform Monte Carlo simulatifipess et al., 2007for
each MI, decompression rates are estimated repeatedly based on random realizations of the two
uncertain parameters, which we assumeetmormally distributed with K= N(0.001, 0.0003/2)

and log10()= N(-9.775, 0.1950/2), where N(mean, std) refers to a normal distribution. These
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prior distributions of K and Dy and further details on their rationale can be found in the
supplement.
1.7.2. Deconpression rates

To determine decompression rate, we use our 1D numerical modebdfusion in
olivine. We use the diffusivity alongdetermined in our experiments (1 m?%/s),
corresponding to our best fit at 11%0. Both numerical conduit moddllsa Spina et al., 2015)
and Mgin-melt thermometryNewcombe et al., 2020ave found evidence for less than°@0
of temperature change during ascent, which is within our uncertainty on temperature (section
1.7.1.9, and so we assume isothermal asdeigure1.12 shows the results from the models. On
average, the 1992 Mls record faster decompreskamthe 1995 Mls. Since there is some skew
to the data, the median values are probably a better reflection of the average than the mean. They
indicate a Sold faster ascent for the 1992 olivines (.0073 versus .0014 MPA/spmparison
between result§om our 1D model and a sphericabymmetric model preserves this difference
between 1992 and 1995 Mis, but shows that the isotropic spherical model consistently under
predicts the decompression rate on average by a factor of 3, and up to a factoriod&itiual
samples (supplement).

Monte Carlo simulations show that each MI has arlogmal distribution of
decompression rate withi2incertainty in log(dP/dt) dp 10% (Figure1.12). This is much
smaller than the order of magnitudpread in decompression rate within each eruption, which

suggests that there is real variation in decompression rate for a given deposit. This is possibly a

1 Since the publication of this chapter in the Journal of Volcanology and GeottResedrch, we have discovered

an error in these calculations: the MI diameter was used instead of the radius. This has the effect of increasing the
timescale by a factor of 2. The timescales presented in this chapter are the same as those in Babi9eaal (2

are a factor of 2 longer duration than they should theese decompression rates should in fact be: 0.0146 MPa/s for
1992 and 0.0028 MPa/s for 1995.
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manifestation of the crossonduit velocity profile of the magma, with faster moving material in
the centre and slower material at conduit edges, as has been proposed on the basis of both
modelling and textural studies of erupted clasts @ajlier and Neuberg, 2006; Sable et al.,
2006) Some of the spread in decompression rates could also come from variations in initial
water that are not captured by our assumption of initial water from the degasstajization

trend shown irFigure1.8.
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Figure 1.12: Results from Monte Carlo simulations.  (a) Prior distributions for L 4and
|er for an example MI (1995 CN A1l). (b) Posterior distribution of decompression rate 2 for the
same example MI. Red bar indicates dc) Distribution of combined posterior
decompression rates for all MIs (1992: blue, 1995: red).

2 See footnote 1 on pag@8
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To summarize, we find th#te magma decompression rate during the 1992 VEI 3
eruption was faster than during the 1995 VEI 2 eruption. This places the boundary between VEI
2 and 3 intensities at a decompression rate of about 0.0053iRaise discuss in sectidn7.4
this may correspond to the transition from purely explosive to dual effegplesive behaviour
in basaltic eruptions. Assuming a magma density of 2600%ayrd a conduit rads of 5 m, this
corresponds to an ascent ratdddd.1 m/s and a mass eruption rat®df0* kg/s.
1.7.3. Non-linear Decompression

A common assumption made in volatile diffusion modelling is constant decompression
rate. Conduit models indicate that magiegompression will likely accelerate because of the
expansion of volatiles and increase in frictional pressure loss as magma becomes drier and more
viscous at shallow depths (e@onnermann and Manga)@7). We use our 1D diffusion model
to explore the effect of nelmear decompression on inferred ascent times. Following the method
of (Su and Huber, 201%ye parameterize the decompression path using two parameters: the total

ascent time (md)i renadr idteygr(eox) :of no

I |
ol S |
P W Equation 1.3
where Pis the initial pressureartd s t i me. When oYO0, the decon
linear with— — With o2 > 0, the magma accelerates a

acceleration increases withseg inseFigure1.13). Equationl.3 implies a strag tradeoff
between degree of ndmearity ( ) and total ascent timd), which is also shown iRigure1.13.
The greater the degree of acceleration (highethe longer the duration of ascent (higthein

order to match iniéil and final M1 water concentration (black strip at zero misfit). This can be

3 See footnote 1 on pa@8
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understood by considering that water solubility is pressure dependent and water loss occurs

mostly at shallower depth&igurel.11). The highef , the lesgsime spent at shallow depths,

which is compensated by a longer total time.

In agreement with Su and Hu@017), we find that models which consider linear

decompression will significantly underestimate total magma ascent time. For example, a melt

inclusion from 1992 with an ascent time®B hours under linear decompression would require

D 10 hours if

u. Whilst we are not currently in a position to constraifor real eruptions,

this exercise highlights a future avenue for research: to couple diffusion models with conduit

models.

Figure 1.13: Misfit plot s howing error in estimated MI water content for a range of

error in Ml water concentration (wt. %)
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1.7.4. What drove the different eruptive styles of the 1992 and 1995 eruptions?

Now we turn to the question of what caused the difference in explosive styles of the 1992
VEI 3 and 1995 VEI 2 eruptions. Many factors play into the dynamics of erupinchsling but
not limited to: viscosity, bubble and crystal nucleation and growth, deformation of the magma,
decompression rate and conduit radius and sf@penerman and Manga, 2013; Cassidy et al.,
2018) These factors tend to affect each other and thus complex feedbacks arise.

Due to their fundamental role in driving explosive eruptions, volatiles are often called
upon to explain differences in eruptive sty(@sdujar and Scaillet, 2012Magmas with higher
volatile contents have higher potential energy to convert into kinetic energy through the
exsolution and expansion of bubbles, and so should erupt morsiegbidhan those with lower
volatiles. As the most volumetrically important volatile, it follows that initial dissolved H
could control explosivity. However, no correlation has been found in comparisons of VEI and
maximum RO concentrations in MIgoleszar et al., 2012; Ferguson et al., 2016; Cassidy et al.,
2018) Indeed, in our data for Cerro Negro, Mls from the 1992 and 1995 eruptions contain
similar maximum volatile concentrations Bf4.7 wtb H20 (Figurel.8). We therefore think it
is unlikely that variations in initial volatile concentration play any major role in setting the
explosive style.

However, the style of degassing should play a major role in setting the style adrerupt
(Jaupart and Allegre, 1991; Parfitt and Wilson, 1994; Edmonds, 200®n bubbles and melt
are coupled, bubbles act to accelerate the magma towards explosive fragmentation. If, on the
otherhand, bubbles can separate from the magma,
driving force for an explosive eruption. The behaviour of bubbles within the magma depends on

bubble size and number density, magma rheology (which is itself affectatbbie size and
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number density), the depth of exsolution, and the magma ascefGoateermann and Manga,
2013) Thus, decompression rate both controls and depends on the degassing style.

As well as having lower plume height and mass eruption rate, the 1995 eruption effused
lava during its pyroelstic activity, while the 1992 eruption was purely explosive (sedtihn
Hill et al., 1998). This behaviour of the 1995 eruption is not unusual; there is a teridency
violent strombolian eruptions to be accompanied by lava flows. Concurrent effusive and
explosive activity points towards separated flow of bubbles and melt. Mod@tliolg et al.,
2009)and experiment@Menand and Phillips, 200have shown that this duality of behaviour is
largely controlled byhe mass eruption rate (MER), and is only possible for an intermediate
range of MER. Too slow and the magma loses all its volatiles; too fast and the bubbles remain
completely trapped within the magma.

Our work supports this notion that mass eruption eagzts a fundamental control on the
eruptive style. We show that the 1995 Mis record higher extents of diffusive water loss than
1992 Mis Figurel.9) and our diffusion modelling attributes this to differences in magma
decompression ta. We argue that the most straightforward explanation for the difference in
explosive style is that the 1995 magma rose slower than that of the 1992 eruption, allowing for
some amount of segregation of bubbles and melt, thereby reducing the exploghwty of
pyroclastic activity. This reasoning would place the critical decompression rate separating purely
explosive eruptions from effusivexplosive eruptions & 0.005 MPa/% corresponding to a
mass eruption rate @ 10* kg/s, which agrees well with the modelling @ioli et al., 2009

their figure 7).

4 See footnote 1 on pag@8
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1.74.1. Continuous ascent or shallow stalling?

The cause for the difference in explosivity of the 1992 and 1995 Cerro Negro eruptions
was previously attributed to shallow stalling of the 1995 magma, allowing for the escape of
volatiles(Roggensack et al., 1997; Venugopal et al., 200&) observe more water loss on
average in Mls from the 1995 eruption. Shallow escape of a vapour phase in the 1995 magma
may have reduced the driving force for an explosive eruption. Wasaiasiv phase lost during
shallow stalling or simply slow ascent? The key observation here is that the 1995 and 1992 Mls
extend to the same maximum@®and CQ. This precludes a shallow stalling event because H
diffusion in olivine is fast and would reseti$to a lower water concentration, erasing any
evidence of an initially high ¥ magma. Furthermore, a stalling event would reset all of the
inclusions to a new water content but would not affect #@, Korming a vertical array on the
H20-K20 plot. Yet he larger, high water MIs from 1995 do not reflect a common water content
i some have 3.5 and some have 2.B wi20. Instead, they appear to form an inclined array,
paralleling the 1992 inclusions and the magma fractionation tfégdré1.8). This is
inconsistent with a shallow stalling event, but entirely consistent with slower ascent. Therefore,
the most straightforward explanation is that the two magmas had the same parental composition
and that the 1995 magma ascended slowly émtugliffusively lose water from its smaller Mls.
When saturation pressures are calculated using the correfecoidcentrations, the two
magmas are identical, and the differences reported by Roggensadd 893@).collapse to a
single trend (see supphent).

1.7.5. Other Eruptions
Our results support the hypothesis that decompression rate plays a major role in setting

the explosivity of eruptions at basaltic to intermediate volcanoes. Magma from the VEI 3
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eruption of 1992 decompressed at a rat® 60073 MP#& © 0.3 m/s), while magma from the

VEI 2 1995 eruption record decompression rateld 6f0014 MPa/s[p 0.05 m/s). These
decompression rates fit within the general trend of mass eruption rate (MER) versus
decompression rate based on embaymstmties for other volcanoeBigurel.14). The

embayment method uses concentration profiles of volatile species with different diffusivities (C,
S, H) along melt embayments to model decompressioifHataphreys et al., 2008; Lloyd et al.,

2014) Its advantage over the melt inclusion method is thatigs on diffusivities in melt which

9r Conduit Radius:
20m
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Kilauea Ke M S el &
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logl0O(MER) (kg/s)
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Figure 1.14: Mass eruption rate versus decompression rate for range of eruptions.
Lines are solutions to simple conduit flow model, with constant conduit radius. Cerr o Negro
dP/dt from this study 3, all others from embayment studies (Newcombe et al. 2017; Ferguson
et al. 2016; Humphreys et al. 2008). Mt. St. Helens shown in open symbol since it is a silicic
eruption and may be governed by different processes. Monte Carlo distributions for Cerro
Negro (shown in Figure 1.12) overlain in red (1995) and blue (1992) shading, red and blue
circles show median values. MER estimates from total volume and eruption time or plume
height via direct observation or dispersal mapping (Seguam - volume mapping - Terry Plank,
pers. comm.; Mt. St. Helens - plume height - (Humphreys et al. 2008); Fuego - volume
mappi ng - (Rose et al. 2008); Kilauea Iki - plume height - (Richter et al. 1970); Kilauea
Keanakakoi - volume mapping -; Cerro Negro - volume mapping - (Hill et al. 1998),(Pioli,
Azzopardi, and Cashman 2009)).

5 See footnote 1 on pag@8
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are better constrained than in olivine and ar&rogac. However, embayments can be
exceedingly rare in some samples (including the 1992 and 1995 Cerro Negro eruptions). Further
difficulty with embayments is the possibility of multicomponent diffusion efféfiteang et al.,
2010; Newcombe et al., 2014swell as the effects of often complex 3D morphologies of
embayments which ka not been yet characterized.

The 1977 Seguam and 1959 Kilauea Iki eruptions share a similar MER with the 1992
Cerro Negro eruption and embayment studies have yielded decomprasssofor these two
eruptions that are similar to our decompression rates for the 1992 eruption. These three eruptions
all have about one order of magnitude slower decompression rate than the higher intensity
eruptions of Fuego 1974 and Kilauea Keanok#Bat- 0.45 MPa/s). The 1995 Cerro Negro
eruption has the lowest MER of any volcano for which there exists a decompression rate
estimate, and the decompression rate we estimate is the lowest of all eruptions analysed (< 0.005
MPal/s).

For a simple pipdélow model, there is a theoretical relationship between MER,
decompression rate and conduit radius that is given by:

Q0 6 . .76 'Q
— —1t1 7 "Q -
Qo p U (@)

whered is magma ascent rate (m/B),is the Mach number relatingyto the speed of sound in

the magmal{f —),” is the magma density (kgm), "Qis the friction factor, anddis the

conduit diameter (m) (e.g. Gonnermann and Ma@§43). Mass eruption raté ) relates to this
equation through the magma ascent rate, by conservation of mass:

)

where A is the crossectional conduit area @én

36



We calculate MER as a function of decompression rate for different assumed conduit
sizes and overlay these curves on the dagutel.14). The curves show a change in slop®at
0.1- 1 MPa/s between magmasta#@mnd frictiondominated decompression at low and high
decompression rates, respectively (grey dashed line). The two Cerro Negro eruptions are well
within the magmastatidominated regime, as might be expected for its relgtiog viscosity
basaltic magmalf p tPas).

Under the assumption of a cylindrical conduit geometry, all eruptions appear well
described by a conduit radius of 0 m igurel.14). However, the concept of a conduit radius
is probablyonly meaningful at shallow depths, while at deeper levels, a dyke geometry is more
likely. For the same crossectional area, magma flow in a dyke would have a higher
decompression rate for a given mass eruption rate, since there is more surfacefacgarfal
pressure loss.

The trend in the data is following the predicted theoretical relationship between mass
eruption rate and decompression rate. But what causes the spread in the data? What is the
underlying phenomenon that drives the 1992 eruptidrave higher MER and decompression
rate than the 1995 eruption? In some cases, rapid surface unloading (e.g. landslide at Mount St.
Helens;Alidibirov and Dingwell, 1996)s responsible for fast decompression rate by causing a
nearinstantaneous decompression in the magma column. However, this is not a general
mechanism as many explosive eruptions show no evidence for a catastrophic unloading event
(Goepfert and Gardner, 2010&)cluding the 1992 and 1995 eruptions at Cerro Negro
(McClelland, 1992; Wunderman925; La Femina et al., 20043nother possibility is that high
dissolved CQconcentrations in the magma could cause deep exsolution and early buoyancy

(Lowenstern, 2001Whilstwe see no evidence for a difference in the maximum volatile
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concentrations of the 1992 and 1995 magmas, deep exsolution afrec@@as phase before
crystalizationcould mean that high CG&oncentrations were never captured in the melt
inclusions. Finby, it is possible that small variations in the chamber overpressure at the
initiation of the eruption could control decompression rate. Assuming a viscoelastic wall rock
rheology, a higher chamber overpressure would create a wider dyke which in tudn woul
increase the mass eruption rate and decompressiofBokieove et al., 2005Different
chamber overpressures would presumably be related to different wall rock strengths, as well as
the siz of the chamber and the input rate of magma or gas from @@ggnuyter and Huber,
2014) Our work is not able to distinguish between these scenarios. Future studies into the root
cause(s) behind differences in MER and decompression rate would benefit greatly from
combining conduit modelling and petrology with gas gaddetic monitoring, which can help to
infer the depth and magnitude of the source of overpressure.
1.8. Conclusions

We have measured tifastest H diffusivity on record for dehydrating olivine. Thisay
be linked to the fact that the Cerro Negro olivines igtitiere are the lowest forsterite olivines
that have been experimentally dehydrated, since Fe is expected to facilitate quick exchange of
electrons between defects. We believe that these diffusivities are relevant for olivine phenocrysts
with Fo 70- 80,common to many basaltic/andesitic eruptions. It is possible that olivines with
lower Fo will show even faster*Hliffusion. High diffusivities imply that only the largest
inclusions (> 100 m) located far from the crystal edge can entirely avoid diffusiaer loss
during VEI 23 eruptions. It is therefore important to measure Ml size and distance from the
olivine edge (alon@) when working with Mls, in order to assess Ml fidelity. Significant water

loss (> 2® ) occurs in melt inclusions smaller thexil00‘ m for the 1995 VEI 2 eruption and
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D40° m for the 1992 VEI 3 eruption of Cerro Negro. Higher intensity eruptions are likely to
preserve initial Ml HO concentrations for even smaller melt inclusions.

Due to the strong anisotropy of diffusion in olivine, water loss from melt inclusions is
dominated by diffusion along Thus, a 1D diffusion model oriented alaags more accurate
than a spherical, isotropic diffusion model. 1D diffusion modelling oriented along the fast
direction,combined with our newly determined diffusivity, indicates that magma from the VEI 3
eruption of 1992 ascended at a rate of roughly .0073 K|Eafx faster than that from the 1995
VEI 2 eruption. Assuming linear decompression, the 1992 magma ascemesl Km inD 6.5
hours while it took the 1995 magre35 hour§. These are conservatively low estimates for the
total ascent time because magmaxiseeted to accelerate to the surface. Monte Carlo
simulations give &, uncertainty ot £p"@Q &FQ ofor each M1 ofD 10P i much smaller than
the order of magnitude spread in decompression rate within each eruption, which suggests that
there is reabariation in decompression rate for a given depdsieé higher decompression rate
for the 1992 eruption is correlated with a more explosive eruption, perhaps due to increased
coupling of bubbles and magma.

Our results build on a growing number of decoagsion rate estimates from embayment
studies. They demonstrate the strength of using diffusive water loss from-dlogted melt
inclusions when embayments are not a viable option. While we find no link between initial water
concentration and eruptiory$, a clear correlation is emerging between mass eruption rate,
eruptive style and decompression rate. This supports a shift in view away from the idea that

initial H20 concentration controls eruption style.

6 See footnote 1 on pag@8
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Chapter 2: The ins and outs of water in olivhe-hosted melt

inclusions: hygrometer vs. speedometer

2.1. Introduction

Like many problems in the earth sciences, the study of magmatic systems is concerned
with processes occurring at depth, hidden from direct observation. Melt inclusions (MIs) are one
of petrologistsdéd most power f ulhese ppakdtssof nielbares e e i
preserved within the pressure vessel of their host crystal, which shields them from modification
during magma ascent. The exciting promise of melt inclusions is that they might tell us about the
magma composition and formation pesses at depiDanyushevsky et al2002; Schiano,

2003; Portnyagin et al., 2007; Kent, 2008; R&sga et al., 2021; Wallace et al., 2021)

One of the key parameters of a magma that researchers in a wide range of earth science
fields would like to constrain is its water concentration: water plays a major role in the genesis of
subduction zone magmas through its effect in lowering the sdqldisiow and Langmuir,

2003; Grove et al., 2006; Hirschmann, 2006; Kelley et al., 20¥8)er also affects the
crystallization of different mineral phases,
evolution(Sisson and Grove, 1993a; Blundy and Cashman, 20Q®)tothe strong pressure
dependence of ¥ solubility, as magma ascends to the surfag@-tth bubbles form, which
accelerate the magma and may ultimately cause explosive volcanic er@yfitsts and Head,

1981; Parfitt et al., 1995; Gonnermann and Manga, 2007)

To petrologistsd dismay, crystals are | eak
of melt inclusions (as fj on timescales relevant to volcanic eruptions. Some crystatetes
at preventing this water loss than others (e.g. plagio¢ldsénson and Rossman, 2913ut this
paper will focus on olivine, which has been widely used on account of its relative abundance and
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early onset of crystallization in most mafic systems, as well as its transpareheyhedral
form in many eruption produc(8Vallace et al., 2021 Measurements of Hliffusion through
olivine have shown that Mls can fulig-equilibrate with the host magma on theéscale of
hours(Portnyagin et al., 2008; Gaetani et al., 2012; Lloyd et al., 20%8&)er loss is therefore a
very real possibility for many melt inclusions.

Water loss from melt inclusions is not inevitable, however, and depersts/eral
factors, which will be outlined in this paper. If constraints can be placed on these factors, it is
possible to ascertain whether water loss has occurred. This is not always possible, for example,
when using data fr om pcated pammetes suehsas MiBizeclrthisd o n 6 t
case, caution should be taken and it may not be possible to determine if the melt inclusions have
remained faithful recorders of initial magmatic water.

However, the view in this paper is that going forwairdare is taken during sample
preparation and analysis, melt inclusions have the potential to tell us an even richer magmatic
history than previously thought. Not only is it possible under many circumstances to determine
the initial water content of theagma, but in addition, we can learn about processes such as
COe-flushing, shallow stalling of magma prior to eruptions, and even the decompression rate of
magma during explosive eruptions. This paper will outline how to read melt inclusion water
concentrabns, to recognize these different processes, and ultimately to unlock the clues to this
richer magmatic history.

2.2. Parameters thataffect water lossfain from/to melt inclusions

As magma ascends and depressurizes on its way to the surfagutiity of water in

the melt decreaseFifjure2.1a). This causes the melt to exsolve bubbles, and the water

dissolved in the melt to diffuse to these bubbles. Crystals within the magma strive to maintain
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equilibrium, and water (dsolved in the crystal lattice as'Hliffuses out of the crystals, into the
host magma, and ultimately im@pourbubbles Figure2.1b,c). Melt inclusions are somewhat
shielded from the degassing magma by their host crystals, bt sisalV see, Hdiffusion
through olivine is rapid. Whether or not a melt inclusion retains its original water content

depends on several factors, but simply put, it is a race between the magma decompression rate

and the H diffusion rate.
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Figure 2.1: Schematic showing magma ascent, degassing and re-equilibration of melt
inclusions (Mls). (@) H20 solubility from SolEx model for Cerro Negro basaltic composition
with 4.75 wt% initial H 20. Depth shown for illustrative purposes, assuming density of 3.3
g/cm? (b) Schematic showing how diffusion profiles progress from the outside to the inside
of the crystal, eventually reaching MlIs and causing them to lose H 20. Smaller Mis will lose
water faster than larger M Is. (¢) Diffusion profiles measured by SIMS in olivine along each
of its crystallographic directions ¢ see reflected light photos below of same crystal, polished
along different sections, containing two different Mls -1 and -2 with similar H 20
concentration s, 3.26 and 3.29 wt.%, respectively. Right photo shows only half the olivine
crystal ¢ the left edge is a fracture. Dashed lines and open symbols illustrate the calculated
H *concentration in equilibrium with measured MI concentration assuming a partition
coefficient of 0.001. Note that a profile is differentto b and c profiles, consistent with strong
anisotropy of diffusivity: Da > 10x Db, Dc (see text for details).
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Sometimes magma ascent is a straight shot to the surfacR{prgcht and Rhk, 2013

but more often it is a complex series of ascent, stalling, and mixing events. Under these
conditions, how do we define water losst later loss with respect to the primary mantle
derived magma water concentration or to that at the lash @é equilibration? The answer
depends on the question webre trying to answe
formation, or the fluxes of water on a global, arc or volcano scale, we care about how much
water has been lost compared to thenpry magma. In this case, it is important to look past any
shallow stalling event which may have reset Mis to a new equilibrium water concentration. If, on
the ot her handmodalieginagma decomeressos tate during aruptions, the
relevant initial water concentration relates to wherever the magma last equilibrated, which may
be at a shallow depth, and at lower water concentration than the primary or parental magma.
Note that we focus our discussion on water loss, as magma ascentwitdiblyedrive melt
inclusions to lose water. However, melt inclusions may also gain water during mixing,
entrainment and/or storag&amenetsky et al., 1998; Portnyagin ef 2008; Koleszar et al.,
2009; Neave et al., 201@nd the underlying processes governinggailibration (whether water
loss or gain) are broadly the same.

In what follows, we summarize the key parameters and considerations in the estimation of
initial magmatic water concentrations anariadellingmelt inclusion water loss for
decompression rate information.
2.2.1. Partition coefficient of H20 between olivine and melt

We begin our discussion zooming into the melt inclusitivine interface the firstpart of
waterds journey from a melt &atercsHdissaviedas®di nt o t h

and OH, whereasn the olivine lattice, water exists as H+ bonded to structural oxygen in point
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defectsThere are a few dominant defects in naturalioéy The titanium clinohumite defect
[Ti], involves a Si vacancy charge balanced by twahid a Ti* on a metal (octahedral) site
(Berry et al., 2005)In the Mg defecfMg], a metal vacancy is charge balanced by twowhile
in the trivalent defect [Triv], the metal vacancy is charge balanced by a singtelld trivalent
cation on aneighbouringmetal siteg(Berry et al., 2007)These defects may be observed using
Fourier Transform Infrared Spectroscopy (FTIR), in which the wavelength of absorbed IR
radiation is indicative of the local arrangement of ions around-ainb®rd. To move from the
melt inclusion through the olivine and into the host magma requires reactions at the interfaces
between olivine and melt. Different reactions have been put forward to describe the exchange of
H* between melt inclusion and olivine hgBtanyushevsky et al., 2002; Gaetani et al., 2012;
Portnyagin et al., 2019Mackwell (2012 raises the question of whethet id being
incorporated intgre-existingdefects within the olivine lattice, or whether water loss from melt
inclusions is coupled with the crystallization of defgch olivine on the melt inclusion walls.
Portnyagin et al(2019)show evidence that melt inclusion water loss is correlated with a
decreasing Si content in the melt inclusion which supports an important role for the latter.
The partition codicient, Kq, is defined as the concentration ofiH the olivine divided by
the concentration in the melt and is an important parameter controlling water loss from melt
inclusions. Indeedylewcombe et al., 202Gancluded that it was responsible for most of the
uncertainty in theimodelleddecompression rates. Constraints on the partition coefficient from
the literature fall into two broad categorieseasurements of natural melt inclusions and
adjacent olivinegLe Voyer et al., 2014; Newcombe et al., 202@ad measurements from
olivine-melt equilibrium experiment¥oga et al., 2003; Aubaud et al., 2004; Hauri et al., 2006;

Portnyagin et al., 2008; Tenner et al., 2009; Adam et al., 20h&)former yields lower values
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of Kd, which may be partly related to the fact that it represesystem in disequilibrium, i.e.

there is a gradient of Htoncentration in the olivine leading away from the melt inclussance

the measurement in the olivine is taken at a finite distance from the melt inclusion interface, the
H* concentration in the nline at the interface is underestimated. Another factor to consider in
comparing the two types of constraints is that, with the exceptiBomfiyagin et ali2008) the
experiments are conducted at higher pressure than volcanic syStgareZ.2), and in theory,

the partition coefficient should increase with presg@smow et al., 2004; Hirschmann et al.,

2009) While there is much scatter within and between different studiedrehts does appear
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Figure 2.2: H olivine -melt partition coefficient (Kd) from experimental studies <3 GPa
and measurements on natural Ml -olivine pairs. Error bars for pressure of natural MIs shows
full range of reported MI entrapment  depths (Le Voyer et al., 2014: Sommata cinder cone,
Vulcano = 0.1-0.2 GPa, Jorullo cinder cone = 0.020.4 GPa; Newcombe et al., 2020: 1959 Kilauea
Iki = 0.11 GPa, Fuego = 0.25 GPa, Seguam = 0.15 MPa). Error bars for Kd of natural Mls shows
1 sigma of measured values. Note that all studies apart from Newcombe et al. (2020) use a
calibration for H+ in olivine from Bell et al. (2003); using the calibration from Withers et al.
(2012) would decrease the partition coefficient by 37%.
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to hold broadly Figure2.2). Two exceptions are the experiments at 200 MPa on olhaséed
Mis (Portnyagin et al., 200&nd the experiment:n Fefree forsteritgGrant et al., 2007 While
it is unclear what causes the disparity in the results RFonmnyagin et al(2008), it is likely that
the use of pure, Tand Fefree forsterite in the experiments of Grant et al. (2007) lowers the
availability of defect sites for Hncorporation in olivine, thereby decreasing the partition
coefficient. This demonstrates thae thartition coefficient is a function of the defect structure of
the olivine, as well as temperature and pressure, and so likely varies to some extent between
different samples. It is important to note that, with the exceptiddeafcombe et al2020a)
thesestudies are all based on olivine calibrations fidetl et al.(2003) which are affected by
the presencef micro fluid inclusions within two out of the three olivines used inBbk et al.
(2003)study(Mosenfelder et al., 2011Furthermore, a differentd@-in-olivine calibration from
Withers et al(2012)gives significantly lower olivine ED concentrations, and usitigs
calibration rather than that from Bell al.(2003)would lower the estimates of partition
coefficient by 37%. Within these uncertainties, the upper bound of the natunaltgbair
measurements froldewcombe et al. (20204).001i Figure2.2) is a reasonable estimate of the
partition coefficient for volcanic systems, but note that this a relatively uncertain parameter and
further lowpressure experiments, and aarelysis of existing data, would by highly useful.
2.2.2. Diffusivity of H20 in olivine

The diffusivity of H" in olivine (hereafter referred to & ) is a measure of how quickly
H* can migrate through the olivine lattice in response to a chemical gradient, and has a first order
effect on the rate of melt inclusion water loss. Techanisnof H* diffusion in olivine has
implications for theate of diffusion, since a range of difient mechanisms have been observed

and each mechanism operates at a different speed. Experiments have praituoedea of
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magnitude range of measureme(ftigure2.3), from 10°’m?/s during hydration of San Carlos
olivine at 1000°C (Mackwell and Kohlistedt, 199@p 105" m?/s for ddnydration viaSi

vacanciesn synthetic forsterite at the same tempera{BadrénNavarta et al., 2014)
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Figure 2.3: Arrhenius relations for H diffusion in olivine. Bold lines show rate for

fastest crystallographic direction. Black lines proton -polaron rate, grey lines show proton -
vacancy rate during hydration of San Carlos olivine  (Kohlstedt and Mackwell, 1998) . Peak-
specific measurements from dehydration of synthetic forsterite in dotted lines, Padrén -
Navarta et al. (2014)). Green lines show measurements on San Carlos and Kilauea Iki olivine
(Ferriss et al., 2018), red lines show unpublished measurements on high Fo olivine from Etna
Fall Stratified eruption. Yellow lines show rate for low Fo (~80) from Cerro Negro (Barth et
al., 2019). Estimates for bulk H+ diffusivity in unoriented Ml -bearing olivines shown by grey
ellipse (Portnyagin et al., 2008; Mironov et al., 2015; Chen et al., 2011; Gaetani et al., 2012).
This figure illustrates both the strong anisotropy of H diffusion in olivine and the strong
compositional dependence. For the quantitative consideration of Ml dehydration, the
relevant Arrhenius relations are for SCO+Kiki (for Fo8 5-90 olivine) and Cerro Negro (for
Fo7585 olivine) parallel to a.
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Experiments on natural San Carlos olivik®@hlstedt and Mackwell, 1998; Demouchy and
Mackwell, 2006)have revealed two primary diffusion mechanisms. The faster misaman
involves a flux of H chargebalanced by a flux of electrons from?Feo Fe*. The electron holes
associated with Féare called polarons, and so this diffusion mechanism is often referred to as
the protonpolaron mechanism. The second, slower medmamvolves the diffusion of metal
vacancies along with their associatetland is called the protewacancy mechanism. Just like
Mg-Fe diffusion, this mechanism is fast along ¢tdirection, [001], whereas protegpolaron is
fast alongg, [100].

The slowst H" diffusivities in the literature come from experiments on synthetic forsterite
(PadrénNavarta et al., 2014 hese experiments show that each defect hostirdiffdses at a
different rate, with D[Mg] > DI[Ti] > D[Si] Figure2.3). Experiments on Fbearing olivine,
however, have shown that these defects all have similar apparent diffusivity, which is much
faster than measured in synthetic forste(fiterriss et al., 2018Without Fe, synthetic forsterite
has no ions available to host redox apesiand accommodate the prefmiaron mechanism,
and so H diffusion must occur by diffusion of the defects themselves. {hdéging olivine, the
protonpolaron mechanism becomes activated.

This has led to a new way of thinking abodtdiffusion that irvolves the fast proten
polaron diffusion mechanism plus a reaction step to move thetéithe different defect sites
(Ferriss et al., 2018; Jollands et al., 20I%)e availability of the different defect sites will limit
the reaction rate, which can change over time, leading to-gjgeedslowdown in apparent
diffusivity as observed experimenta(llferriss et al., 2018)f the reaction is the rafemiting
step, it can cagsapparent diffusivities to be slower than prepmtaron rate, while maintaining

anisotropic fast diffusion alorg(Ferriss et al., 2018; Barth et al., 2019)
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Dehydration experiments on lower forsterite olivines (Fo ~80; Barth et al., 2019) found faster
diffusivities than the higher forsterite San Carlos and Kilaleines in Ferriss et al. (2018),
which suggests that higher Fe contents lead to faster apparent diffusivities. It seems likely
therefore, that the relevant diffusivity for natural olivine phenocrysts lies somewhere between the
protonpolaron rate and éhrate measured for high forsterite olivines in Ferriss et al. (2018). For
Fo ~ 7585, the diffusivity from Barth et al. (2019) may be most appropriate; for Fe95&be
diffusivity from Ferriss et al. (2018) may be more accuratble2.1). Future work should help
to constrain the relationship between crystal chemistry (including trace elements such as Ti) and
water diffusivity.

Table 2.1: Arrhenius relationships along the fast diffusio  n direction for different
diffusion mechanisms and olivine Fo content.

0 006 HYEY 0 0 (m?/s) Reference
(kJ/mol)
Protonpolaron alon@ [100] | p o Tto T Mackwell and Kohlstedt
(Dn alonga)” o o pm |(1990)
Protonvacancy along[001] | ¢ v Yp p 8 8 Demouchy and Mackwell
(Dvme alongg)” prtd 8 (2006)
High Fo (~90) alon@ [100] pomomn pm?d 8 Ferriss et al(2018
Low Fo (~80) along [100] pcupm pm?® 8 Barth et al. (2019)

R isthe gas constant 8.314 J/mol K; T is the temperature in K, D is diffusivity/é amd activation energy is in kJ/mdilote
that for protorpolaron and protowacancy mechanismslackwell and Kohlstedt (199@ndDemouchy and Mackwe(R006)
report Arrtenius laws for hydrogen () and metal vacancies (k) (bracketed values in grey), but the diffusivities which
govern water loss from olivines are in fact the pretotaron rate (B, = 2Dn) and the protowvacancy rate (By = 3Dvme) T see
these referenaefor further details. We report both here, but the prptmiaron and protonacancy rates (bold) are the relevant
rates for comparison with high and low Fo Arrhenius laws and for modelling water loss from olivines aneholsteéteMis.
Uncertainties foprotonpolaron and protowacancy as reported in references. Uncertainties in Arrhenius laws for high and low

Fo olivines described iAppendix B
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As implied by the Arrhenius relationshipBaple2.1), diffusivity depends strongly on
temperature. There are several thermometers which can constrain the entrapment temperature of
a melt inclusion which use the temperatdependence of Mg partitioning between olivine and
melt (Roeder and Emslie, 1970; Ford et al., 1983; Beattie, 1993; Sugawara, 2000; Chen and
Zhang, 2008; Putirka, 2008pne complication of estimating magma temperatureisgnvihy is
that it depends strongly on the water concentration of the magma. The effect is nonlinear and
decreases with increasing water concentration: for approximately every wt.% of water in the
magma, the temperature estimate decreases ¥y i highH20 concentrations (>4 wt.%) or
as much as 40°C for low280 concentrations (~2 wt.%)(Médard and Grove, 2008) herefore,
the initial, predehydrated melt inclusion water concentration must be restored before diffusivity
can be accurately callaed.Alternatively, some thermometers (e.g-iAdolivine 7 Wan et al.,

2008 are thought to be independerf H2O (Coogan et al., 2014)

Another factor to consider is the evolution of magma temperature during ascent. For
eruptions that are triggered by fresh inptivolatiles and/or magma, there are likely to be
significant temperature changes associated with this mixing éx.gnRuprecht and Bachmann,
2010) Even without a preeruption mixing event, temperature may vary due to bubble expansion
and crystalkzationduring ascent. Some studies focusing on silicic eruption have found evidence
for magma warming during ascent in the conduit, driven by the heat tdléragion (Blundy et
al., 2006; Portnyagin et al., 2014; Humeys et al., 2016)while others have reported limited
temperature change during crystallizat{@hechova et al., 20111 novel technique presented in
Newcombe et al2014) uses profiles of Mg zonation within melt inclusions to nueas
temperature evolution for mafic magmas. When applied to natural melt inclusions, this

thermometer shows that magmas at Fuego and Seguam undergo relatively little change in
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temperature during ascent (less thatf@ONewcombe et al., 2020bJhis is attributed to a
balance of cooling from adiabatic expansudtvolatiles and heating from degassihgven
crystallization. Therefore, unless there is good evidence for temperature change during ascent, an
isothermal model is appropriate for most hydrous arc magmas.
2.2.3. Distance to crystal rim

When the H concentration of the host magmsdower than in the melt inclusion, a diffusion
front progresses from the outside of the olivine into the interior over figarg2.1b). The
length of the resulting diffusion profile increases ame according to the relatiah © O 0
Therefore, the distance between the melt inclusion and the ehestemagma boundary has a
fundamental impact on the amount of water loss from the melt inclusion; the diffusion front will
reach melt inclusiondase to the olivine edge first and so these melt inclusions will lose water
faster than those in the olivine interior.

As discussed above,"Hiffusion in olivine is highly anisotropic, with{> 10 x Dy, De.
Under these conditionmodellingwork (Barth et al., 2019%as shown that a 1D diffusion chel
oriented along the fast diffusion directic) (s amore appropriate approximation than an
isotropic, spherical diffusion modérhoraval and Demouchy, 2014; Newcombe et al., 2020a)
Therefore, it is in fact the distancettveen the melt inclusion and olivine eddenga, [100],
that is most important for melt inclusion water loss.
2.2.4. Melt inclusion size

It has been known for more than two decades that melt inclusion size strongly affects the
time for reequilibration(Qin et al., 1992; Cottrell et al., 2002; Chen et al., 20IB§ reason for
this is twofold: the larger the melhclusion, the greater the total amount ¢ftbl be exchanged

and the lower the surface area to volume ratio, providing a smaller interfaceifothid melt to
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be incorporated into the olivine. These two factors comurmaithat larger melt inclusiong®se
H20 more slowly than smaller ones. As will be discussed later, if there is a relationship between
MI size and water loss, this trend canrbedelledto determine magma decompression rate
(Chen et al., 2013; Lloyd et al., 2013; Barth et al., 20@asuring melt inclusion size is
therefore important for determining if diffusive watloss has occurred, and all studies that
report MI water concentration should also report Ml size.

Estimates of Ml size in the literature are typically based on the assumption of a 3D ellipsoid
shape. The calculation relies on visual constraints foletigth, y, and width, x, and an
assumption about the MI depth, z. This assumption is often that z = y or that z = Y2(x+y).
Recently Mironov et al.(2020 examined the accuracy of these assumptions by measuring the
third dimension with two different optical methods. In the first, they usagtescope
micrometer and calculated the distance between focusing on the top and bottom of the MI. For
the second, they rotated and remounted the sampben@(olished down this orthogonal
direction to measure the Ml depth. These two 3D methods gkdtively similar results
( x p 1 R while there were differenced up tox 1 v Ibetween 3D and 2D methods. On
average, the assumption that z = y (i.e., the shorter of the two other dimensions) agreed more
closely with the 3D estimates than the assumptiahzlx Y2(x+y).
2.2.5. Exterior H20 evolution

In melt inclusion diffusion models, the boundary condition, that is, theoHcentration at
the boundary between the olivine and the host magma (the olivine rim), has a strong modulating
effect on thee-equilibration of H20 in melt inclusions. The first model of*lHe-equilibration
between a melt inclusion and host magma used a fixed boundary co(@itiogt al., 1992)

This pivotal work gave firsbrder insights into the controls on water loss from melt inclusions,
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namely mé inclusion size, distance to the olivine rim, partition coefficient and diffusivity. If a
magma stalls shallowly at a single pressure, a fixed boundary condition may be appropriate.
However, for the more general case of magma decompression during astentyill decrease

with time along the outer boundary of the olivine, which has been incorporated into more recent
numerical model¢Chen et al., 2013; Lloyd et al., 2013; Barth et al., 2019)

In constructing a boundary condition, we can use thermodynamic models to predict the
relationship between pressure an®DHtoncentration. The assumption of medipour
equilibrium is likely valid for the case of20, while it may not be for more slowly diffusing
COz and S(Gonnermann and Manga, 2005; Pichavant et al., 201h&ye are different
equilibrium degassing paths that the magma can take, depending on whether thezleyaolv
phase remains coupled to the magma (closed system) or buoyantly rises faster than the
surrounding melt (open system). In closed system degassing, the presence of an excess exsolved
gas phase causes®ito leave the melt earlier than it would if nasgphase were preserigure
2.4).

Several melt inclusion studies have tried to decipher which type of degassing is occurring,
but this is a difficult task given the typical scatter in Ml volatile data which can arise in part due
to COz sequestration in MI shrinkage bubbles and diffusiy® tbss. Combining measurements
of gas geochemistry with melt inclusion data can help. To a first order, if the volcano is emitting
gas without erupting magma, it must be an open system. Beyonthtlus,of different gas
species, HO/SCG, CO/SO, can be diagnostic of the degassing dtlerner et al., 2020)n
theory, different degassing paths could be incorporated into different boundary conditions,
however in practice, we find that MI2B-loss is relatively insensitive to open vs. closed system

degasmg (Figure2.4).
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Figure 2.4: Effect of open - vs. closed-system degassing (A), (B): different
decompression degassing models for basaltic magma using SolEx (Witham et al., 2012). (C)
H20-loss from melt inclusions (MI) over time for different decompression degassing paths in
(A) and two different Ml sizes: 1 mm (small circle) and 100 mm (large circle).

2.3. Regime diagrami hygrometer vs speedometer

The extent to which melt inclusions loseir water due to diffusion through the host crystal
during ascent is controlled by the rate dfdiffusion out of melt inclusions, which depends on
the parameters discussed above, versus the rate of magma decompression. Qin et al. (1992)
presented an alydical solution to the relationship between these parameters and the extent of
equilibration. However, this is not possible for the case of a changing boundary condition, for
example, the decreasehhO in the exterior melt as a function of press@hdn et al., 2013;
Barth et al., 2019). Therefore, we have developed a parameterization of results from the 1D
numerical diffusion model presented in Barth et al. (2019) using a generalized logistic function

(Appendix B. The percentage water loss candlated to the Ml radius, a (m); distance between
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MI and olivine rim alonga, b (m); partition coefficient, I§ diffusivity of H* through olivine, D

(m?/s); and decompression rate, dP/dt (MPa/s), through the culigLire2.5, definedby:

Po+<grv A Equation 2.1
Where
"
e ms |+ L—_:‘ Equation 2.2

We note that open vs closed system degassing makes very little difference to th&iguree (
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Figure 2.5: Water loss regime diagram (a) % Water loss against x (Equation 2.1, 2.2) for
boundary condition of open system degassing modell ed using SolEx for initial volatile
concentrations of 4000 ppm CO 2, 4.75 wt% Hz0O. Initial pressure is 400 MPa. Upper left

portion indicates ~ complete water loss (Mls are in equilibrium with groundmass). Central
portion indicates water loss dependent on Ml  size and distance to olivine rim (Mls are in
disequilibrium) ¢ this regime is best suited for speedometry. Lower right portion indicates
minimal water loss (Mls are still in equilibrium with initial wet magma) { this regime is best
suited for hygrometry. (b) same as &) but with x axis as Ml size and all other parameters
fixed as indicated above. Arrows and thin curves show effect of changing these parameters.
Inset schematic of olivine and melt inclusion illustrates parameters a and b.
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Figure2.5a can be thought of as a regime diagram. On the lower right branch, at large a, b,
and dP/dt, the diffusion front through olivine crystals has not yet reached the Mls, which
therefore remain in equilibrium with the initial wet host magroan which they were entrapped.

In this case, we can use the(Hconcentration in the MIs to infer that in the host magma at the
last depth of equilibration (secti@3.]). In other words, their fidelity as a hygrometer remains
intact. If water loss from Mls plots on the central limb, this implies that thelMhe system is

in disequilibrium and we can exploit this to determine magma decompressi¢@Ghateet al.,

2013; Lloyd et al., 2013; Barth et al., 20198hese inclusions are most udeds speedometers.

On the upper left branch, Mls have lost nearly all of their initial water and are in equilibrium

with the degassed host magma. These melt inclusions have lost all information about their initial
water and the rate of ascent.

There arewo primary ways to use the relationshigrigure2.5 and Equation 2.1. If the
amount of water loss is known (see later discussion for methods of estimating initial water), it is
possible to calculate the magma decompression raten@gs$ water loss is not 0 or 100% (i.e.

Mls must lie on central limb). Alternatively, if decompression rate is kn@visipossible to

determine the likelihood of water loss, and use this to guide the selection of Ml sizes, depending
on whether the inténs hygrometry, speedometry, or both. Independent estimates of

approximate decompression rate can be made using the relationship between mass eruption rate
(and VEI) and decompression rate that is emerging from recent stbdjese@.6; Barth et al.,

2019; Moussallam et al., 2019 his trend provides an estimate of decompression ratsllzn

the mass eruption rate of an eruption. For example, a VEI 4 eruption with a mass eruption rate of
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Figure 2.6: Mass eruption rate versus decompression rate for range of eruptions. Cerro
Negro dP/dt from MI water loss (Barth et al. 2019), all others from embayment studies
(Ferguson et al., 2016; Humphreys et al., 2008; Newcombe et al., 2017). Note that Cerro Negro
decompression rates are shifted a factor of 2 higher than in Barth et al. (2019) due to an error
in that study whereby the MI diameter was mistakenly used instead of radius ¢ this led to a
factor of 2 underestimat ion of decompression rate in Barth et al. (2019). Ambae 2017-2018
from embayments (green circles, black bar) with effect of includi  ng pre-existing vapour
phase shown by blue bar to right, and from microlite number densities (grey bar to left)
(Moussallam et al., 2019). Mt. St. Helens shown in open symbol since it is a silicic eruption
and may be governed by different processes. Monte Carlo distributions for Cerro Negro
indicating uncertainty overlain in red (1995) and blue (1992) shading, red and blue circles
show median values. See original caption in Barth et al. (2019) for MER estimates.

~1C kg/s is likely to have a decompression rate on the order of ~ 0.5 MPa/s, in which case Mis
greater than ~16m should preserve their peguptive water concentrations for an a/b ratio 1/10
and temperature of 110C (yielding a diffusivity of 1.7€10 n¥/s). A VEI 2 eruption on the

other hand may involve slower magma decompression (~ 0.01 MPa/s), in which case only MlIs
greater than ~56m would preserve initial water, all else being equal. Note that these
calculations assume that diffusion ceases as soibre adivine is erupted. This is a good

assumption for lapilli or ash, but lava flows and even volcanic bombs can stay hot and allow
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water loss to continue far long@doyd et al., 2013)Any melt inclusion HO measurements
from bombs or lava should be treated with concern for water loss.
2.3.1. H20 as a hygrometer

If there is no relationship between water loss and MI sizistance to the rim, this implies
that the Mtol system is in equilibrium with either the degassed, final exterior melt or the
hydrous, initial exterior melt. Either way, such melt inclusions cannot be used to model

decompression rate (although it maijl be possible to put a bound on the timescales). If the Ml

H20 concentration is low and comparable to the groundmass, then conditions reflect the top left

limb of the regime diagram where Mis retain no information as to their init@l H

concentrationsThis situation might arise if olivines are brought up slowly enough that diffusion

is able to keep pace with decompression. Alternatively, the magma may ascend quickly but then

stay hot for long periods of time, for example in a lava flow or lava lake.

If, on the other hand, MI 2@ concentration is significantly higher than that in the
groundmass, the olivine must have ascended sufficiently rapidly that diffusion did not progress
far enough to affect the MI. | mon dftheregimes a s e
diagram), the £ may record the depth of MI entrapment or magma stalling,fldghing, or
even the primary mantlderived HO concentration. Other volatile and trace elements can be
used to infer which of these scenarios might haveroeduas discussed below.

2.3.2. Interpreting MI H 20 concentration

In this section, we referenéegure2.7 to recognize where, when and how water loss has
occurred in a magmads ascent hi s dwingwascentHer e
which are anticipated for wateich arc melts, and do not consider processes which would cause

Mis to gain HO (H20 gain has been demonstrated fordater oceanic magmas or ukra
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depletedarc magma$ Kamenetsky et al., 1998; Portnyagin et al., 2008; Koleszar et al.,.2009)
Another caveatsi that we do not consider processes of magma mixing, which could introduce
chemical gradients and thus lead to water loss/gain from melt inclysignBistone et al.,

2017; Ruth et al., 2018Finally, it is important to note that while some amount of water loss will
occur at pressures greater than water saturation due to partitionina@ afitd a CQ-rich vapour
phasgHolloway, 1976) most water loss occurs at pressures below water saturation (wavy line
in Figure2.7). Thus, Ml BO concentration can be used to infer Ml entrapment depth for depths
shallower than kD saturation; for depths greater than this a good understanding of the CO
degassing path is necessary to determine depth. Below we describentwgosior each of the
panels (AE) in Figure2.7, and which diagnostic tools may be used to identify each scenario.

A. H20 reflects primary magma

The magma has ascended so quickly from below the depth of water saturatibarthat

is not enough time for the diffusion front within the olivines to reach the melt inclusions.
If MI H 20 concentrations or ratios blO to similarly incompatible elements correlate
with those of other trace elemeli&adofsky et al., 2008; Plank et al., 2013; Walowski et
al., 2015) and have high C£and S concentrations, it is possible that measured @l H
concentrations féect primary melt compositions.

B. H20 reflects stalling depth

The magma stalled at a depth shallower than water saturation and remained long enough
for all Mls to reset to the lower ambient® concentration. This would result in the
decoupling of HO from other volatilesCO, S, and Cl cannot diffuse rapidly through

olivines, so they may show higher concentrations and correlate with each other, while
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Figure 2.7: Schematic showing different processes a ffecting Ml H 20 concentrations. Left:
Water solubility as a function of pressure from SolEx for Cerro Negro basaltic composition
with 4.75 wt% initial H 20. Depth shown for illustrative purposes, assuming density of 3.3
g/cm3. Water saturation depth shown as wavy blue line (~200 MPa for 4.75 wt% H 20). Note

that for simplicity, we have used the water saturation pressure as the critical pressure below
which water loss becomes significant but some water loss will occur deeper than this if the
magma is saturated in a vapour phase, particularly for CO 2-rich magmas. Below in orange:
key diagnostics to infer different magmatic processes. Crystals above grey boxes indicate
erupted product. Ml colour tone reflects H 20 concentrations, with lighter tints having |  ower
concentrations .

H20 has decreased from primary values and is roughly constant. The early degassing of
COz compared to other volatiles as well as its tendency to partition int@aptiur

bubblesmay lead to its decoupling from other volatiles. Obs&wnatof a correlation

between S and Cl that is decoupled froe®Hvould suggest that2® concentration

reflects a stalling depth.

C. All volatiles reflect shallow entrapment

If all volatiles are low, it is likely that the MIs were trapped at a shallow défubkt
basaltic magmas initially conWalacey2085) 1000 p

and since neither volatile difées rapidly through olivine, measured concentrations
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significantly lower than the above limits would indicate shallow entrapment of M.
Several thermodynamic models can be used to estimate pressures of entrapment from
equilibrium between kD, CQ, and Se.g. VolatileCalcNewman and Lowenstern,
2002;SolEx,Witham et al., 2012vlagmaSatGhiorso and Gualda, 2015)

. CO2and H20 reflect CO2 flushing

In addition to decompression, another way to cause magma dehydration is to introduce
COz vapourto the system. The presence ofapourphase with low activity of kD

causes kD to exsolve from the magma at greater depths than it would otherwise
(Anderson et al., 1989; Blundy et al., 201®the event introducing Cvapour(e.g.

ascent ofjases and/or magma from depth) also causes a crystallization event, Mis
entrapped at that time would lie owvapourisopleth, rather than a degassing path (e.qg.
Caricchi et al., 2018 However, if CQ flushing occurred after Mis had already been
entrapped, the only effect would be drive water loss from the melt inclusions, and would
therefore be difficult to distinguish from a shallow stalling event.

. H20 reflects polybaric storage

The scenarios above involve magma storage at a single depth. If, instead, melt inclusions
are trapped at a range of depths shallower than water saturafi@ishbluld correlate

positively with other degassing volatiles (;@, Cl) anchegatively with incompatible

trace elements (e.gyvallace and Anderson, 1998; Lloyd et al., 2013; Barth et al., 2019)
This is because as magma ascends and degag3ethelliquidus is raised which induces
crystallization, in turn causing an increase in the concentration of incompatible elements.
If the melt inclusions were all entrapped at depth greater than that of water saturation, and

then were stalled in a vertibaextensive plumbing system shallower than that of water
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saturation, the D would reequilibrate to a range of values and so decouple from the
other volatiles and incompatible elements.
2.3.3. How to estimate predehydration H20 contents

As we have just seethe ascent of magma towards the surface provides many opportunities
for melt inclusion water loss. For studies that are focused on magma formation and the fluxes of
water on a global, arc or volcano scale, it is necessary to see past any shallow dergwekat®
to estimate the primary magma®icontent. On the other hand, if the goal of a study is to use
observations of M| water loss to constrain magma decompression rate, the relevant water
concentration is that at the last depth of equilibration, amdeievant water loss is the diffusive
loss that occurred during the final episode of ascent.

There is a long history of developing proxies to determinespuptive magmatic water
concentrations. Because of the large effect of water on the stabilitifesedi mineral phases,
observations of phenocryst assemblages are often used to infer magmatic water concentration.
This has included phase equilibria experiments that have been used to develop hygrometers
based on the appearance of plagioclase on teetaotParman et al., 201,1dhe albite exchange
betveen plagioclasenelt (Sisson and Grove, 1993b; Waters and Lange, 261&Mg# of
amphibole(Krawczynski et al., 2012jpnd the silica activity of mel{€armichael, 2002)

Because of the relatively late appance of plagioclase on the cotectic, methods relying on
plagioclase will likely give a view biased to shallow depths and underestimate primary magmatic
water concentration. Although amphibole crystallizes deeper in the crust, it is not a common
phenocrysphase in primitive arc basalts. Phase equilibria experiments are a good way to
estimate primary magmatic water but are timensive and not feasible to perform for every

sample.

62



Melt inclusions are an attractive alternative, and as one of the eanistllizing phases,
olivine is an ideal crystal host for targeting primary andgrugtive magmatic water
concentrations, and consequently the amount of diffusive water loss. Below, we outline several

approaches for estimating the fgtehydration HO contents.

2.3.3.1. Maximum HO in a suite of MIs

The most straightforward approach is to assume that the highest water concentration
within a population of melt inclusions is representative of the initial parental magma. The
assumption of a single value for initldtO is a good approximation if the region of magma
storage is restricted in its depth. Along the Aleutian Resmussen et §2018)found good
agreement between the maximut¥O concentration in a Ml suite aiggophysically
constrained magma storage regions (from seismic or geodetic observations). However, many
volcanic storage systems are thbutp be vertically extensive and melt inclusions are likely
entrapped at different depths, with different initialHconcentrationge.g.Roggensack, 2001;
Ruth et al., 2016)The assumption of a commantial H2O concentration can be tested using the
D/H isotopic ratios of a suite of M{&Valowski et al., 2015)it has been demonstrated
experimentally that diffusive watéwss increases the D/H ratio of the melt inclugidauri,
2002; Gaetani et al., 2012)herefore, a suite of MIs with a common initiad®concentration
and H isotpic composition but variable degrees of diffusigesquilibration would be expected
to show a negative correlation betweei®©Hand D/H, as found in samples from the Cascades by

Walowski et al(2015)
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2.3.3.2. Coupled systematics of incompatible elements ai@l dbng liquid line of
descent

During ascent, magma degassing raises the liguelmperaturanducingcrystallization
(Médard and Grove, 2008; Danyushevsky and Plechov, 2011; Lloyd et al., Z8i3has the
effect of simultaneously raising the concentration of incompatible elements and lowe@ng H
the melt Figure2.8). To account for differences in initial entrappegOtoncentrations, we can
use the coupled systematics of incompatitdenents, such asK and HO (Wallace and
Anderson, 1998; Lloyd et al., 2013; Myers et al., 20T9e deepest (parental) magma
compositioni that is the highest #0 and lowest KO i must be known, and then the trend of

degassingiriven crystallization may be thermodynamically modelled using ME(G18orso

and Gualda, 2019)r Petrolog Danyushevsky and Plechov, 201The initial HO concentration
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Figure 2.8: K20 versus H20 for 1974 eruption of Fuego volcano, Guatemala (modified
from Lloyd et al., 2013). Degassing-induced crystallization moves melt composition upwards
along the black arrow, modelled with Petrolog3 (Danyushevsky and Plechov, 2011) for
starting composition of 0.5 wt% K 20, 4.45 wt% H:0, Pi=2.5 kbar, R=1.1 kbar, and
EI EOOx UI UUP OCuvedsurad WUHE-E 19 Ebwrexted back to this black line along
blue using measured K 20 to infer pre -entrapment H 20O content. Dashed lines show amount
ofre-l SUPOPEUEUPOOQW®EDPI I UUDYI whpEUI UwOOUUY pbOPUPEOQWDE
size (see key).

64



for each melt inclusion is calculated using the measup€ddoncentrations and correcting back
to this trend (blue arrowkigure2.8). Both this and the last method are unable to restore water to
higher values than the maxum observed. That is, if all melt inclusions have lost water, these
approaches are not helpful for determining the primary or parental magma, only-érepiree

magma relevant for modelling decompression rate.

2.3.3.3. Coupled Si@H20 loss from Mis

A method tlat holds promise for restoring melt inclusions to primary water
concentrations is to use the relationship between &0 HO that may develop during Ml
hydration or dehydration. Portnyagin et al. (2019) show that experimentally hydrated and
dehydrated M8 undergo associated Sig@ain and loss, respectivellfigure2.9a). Geochemical
data from natural melt inclusions at Cerro Negro (Barth et al., 2019) support this; Mls with
greater inferred water loss are offset to lower2§F)gure2.9b). This implies that KD is
incorporated along with silica into olivine on the walls of melt inclusion, creating hydrated,
metatpoor defect olivine. To calculate the amount of water loss, the initial@ithe melt
inclusion andH20/SiO; of the reaction must be known. Portnyagin et al. (2019) find that a
H20/SiCe ratio of between ~1.5 to 2 fits their observesDFSIO; trends. They use the whole
rock composition as an estimate of initial Ml Si€dncentration and calculate ~2 wt.% and ~5
wt% water loss in Mls from tephra and lava, respectiveli{haichevskoy volcanoThis is a
valuable method to estimait&O if all mdt inclusions have lost ¥D. This implies that kD is
incorporated along with silica into olivine on the walls of melt inclusion, creating hydrated,
metalpoor defect olivine. To calculate the amount of water loss, the initial @ithe melt
inclusion a H20/SiO; of the reaction must be known. Portnyagin et al. (2019) find that a

H20/SiO; ratio of between ~1.5 to 2 fits their observetDFSiO; trends. They use the whole
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Figure 2.9: Coupled H 20-SiO:2loss from MiIs (a) Experimental data from Portnyagin et
al, 2019, figure reproduced from their figure 3. Violet bars show SiO 2 of high -Mg
Klyuchevskoy basalts (Bulochka cone) and H:20 of fully rehydrated Mls. SiO 2normalized to
100% on anhydrous basis to compare between Mis and whole rock. Extent of Ml

rehomogenization depends on experimental matrix: melt matrix allows for full
rehomogenization , fluid matrix gives partial rehomogen ization , experiments without matrix
fail to rehomogeni ze and overlap dehydrated Mls. ( b) natural data on Mls from Cerro Negro
volcano, Nicaragua (Barth et al., 2019). Broad trend of increasing K 20 with SiO zis driven by
crystal fractionation. Mls for which large amounts of diffusive water loss were calculated (as

in Figure 2.8) are offset to lower SiO 2 than those with less calculated water loss.

Concentrations are as measured (uncorrected for PEC, not normalized to 100% anhydrous)
but these corrections do not affect systematics.

rock composition as antamate of initial Ml SiG concentration and calculate w2.% and ~5
wt% water loss in Mls from tephra and lava, respectiveli{haichevskoy volcanoThis is a

valuable method to estimateO if all melt inclusions have lostd. However, there are

diffi culties in applying this method to natural samples since the use of whole rock composition

as the initial MI composition requires that the magma has remained a closed system from the

time of melt inclusion entrapment to the time of eruption (i.e. no mamgxiag or addition or

loss of crystals). Furthermore, if MIs were entrapped with a range of initialcBidents, a

fractionation model may be needed to constrain the initial liquid line of descent. Given these
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considerations, this method may be mostuidefr primitive melts, since limited crystallization
of olivine and pyroxene does not cause large variations in thec8i@entration of the melt.
2.3.3.4. Comparison of wateindependent and watetependent thermometry

A final independent method for calculatipgmary magmatic ED concentration is through
comparison of KO-dependent and 2@-independent thermometers, as first propose8diyolev
et al.(2016)and later applied bRortnyagin et ak2019 andTobelko et al(2019) H20O-
dependent thermometers (e.g. Mg partitioning between olivine and fReft et al(1983) will
give higher temperatures than®independent thermometers (e.g-iAdolivine i Wan et al.
(2008) Sck in melt and olivind Ma | | ma nn g2018) andtiNenagnitude of this
temperature offset can be used to determine water concentration usiagnatgarzation of the
effect of HO on liquidus depressigqiMédard and Grove, 2008)his method may not be the
most precise way to estimate® due to thermometer calibration uncertainties, and becomes less
precise with increasing4@® concentratin due to the nonlinear effect o®l on liquidus
temperature depressions. However, f@®Htoncentrations below ~ 5 wt.% it provides a useful
independent method and was found to show good agreement with results from the coupled SiO
H20 loss metho@Portnyagin et al., 2019)
2.4. H20 as a speedometer: calculating magma decompression rate

Magma decompression rate is a key parameter governing the dynamics of eruptions
(Gonnermann and Manga, 2013; Cassidy et al., 20t8ffects the nucleation and growth of
bubbles and crystals, the ability of bubbles to segregate from thettmedkmperature evolution
of the magma, and the magma rheology (which then itself affects the magma decompression
rate). Since these processes are affected by the decompression rate, they can be exploited as tools

to constrain the decompression rate. Thesés fall broadly into two categories: those that are
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based on the textures of bubbles and crystals in erupted clasts, and others that are based on
diffusion of volatiles. As discussed aboifean estimate of decompression rate can be made, it is
possible to determine thigely amount of water loss for melt inclusions of different sizes and
distance to the crystal edge. This can help to inform melt inclusion selection so as to capture the
speedometry and/or hygrometry regions of the regime diagFagufe2.5). Below, we outline a
number of ways to determine the magma decompression rate independently of MI water loss,
before revisiting the M| water loss method as portragetie regime diagram secti¢a.3).

Higher rates of magma decompression lead to higher bubble and microlite number densities,
and this effect has been parameterime@loramaru et al. (2006, 2008). Other aspects of crystal
textures, such as the size distribution and shapes can also be used to constrain the decompression
rate(Szramek et al., 2006; Castro and Dingwell, 2009; Brugger and Hammer, 2010)

Volatile diffusion has been exploited in several ways to provide decompression rate
estimates. Diffusion profiles along melt embaymentsl( inclusions that were never sealed and
maintain communication with the magma) can be modelled to determine decompression rate
(Anderson, 1991; Liu et al., 2007; Humphreys et al., 2008; Lloyd et al., 2014; Ferguson et al.,
2016). The advantage of this technique is that the different volatile species g C&, S)
have different deptisolubility relationships and different diffusivities, which means that they
can provide a constraint on the entire decompressionrpattjyst the average decompression
rate above water saturation (e.tpyd et al., 2014; Newcombe et al., 2020dowever,
embayments are typically rare compared to melt inclusions and can have complex 3D shapes,
which may affect modelled decompression rétleGraffenried and Shea, 2019)

An alternative is to model diffusion profiles within the olivines themselves, eithertfrem

rim of the crysta{Newcombe et al., 2020a) leading away from melt inclusiolflse Voyer et
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al., 2014) The strength of this approach lies in the abundance of olivine in most basaltic
intermediate magmas. However, since olivine is a nominally anhydrous mineral and can only
incorporate several tens of ppm H, theselies rely on rigorous cleaning procedures to reduce
the background and the use of secondary ion mass spectrometry (SIMS), which is expensive and
time-consuming. Alternatively, relatively thick wafers (>10@) of olivine can be measured
using FTIR (e.gDemouchy et al., 20Q6although this approach encounters difficulties with 3D
di ffusion effects (teFamesktat, BB5 6whol e bl ock ef
On the other hand, measurements gDkh melt inclusions are oftenty-productof these
other studies, and so have the potential to provide a large number of decompression rate
estimates for relatively little cost/time. If the amount of water loss (estimated using one of the
methods described above) has a relationship with M| sidelstance to olivine rim as shown in
Figure2.5, the Mis can benodelledto determine magma decompression rate. There are two
primary modellingapproaches for determining the decompression rate. First, a singfe best
curve as showin Figure2.5 could be calculated for a single decompression rate for the entire
suite of Mls of varying size. Alternatively, each Ml or set of MIs within an olivine could be
modelledindividually to find the bestit decompressionate, and the result would be a range of
decompression rates (Chen et al., 2013; Barth et al., 2019). The advantage of the latter approach
is that the distribution of decompression rates could provide insight into variability of ascent rate
due to both lataal velocity gradients in the conduit and unsteadiness in eruption dynamics over
time (Sable et al., 2006; Barth et al., 2019)
2.5. Summary andrecommendations
Although melt inclusions camave complex ascent histories, they often record systematic

variations that give confidence in their fidelity under certain scenarios, and reveal their utility as
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speedometers in others. We have outlined relevant parameters that control water loss (e.g.
partitioning, diffusivity), and made recommendations for which values toTus®g2.1, Figure

2.2, 2.3). We have developed a regime diagr&igre2.5) that illustrates when a Ml can act as
ahygrometer or speedometer. We have outlined several scenarios of Ml ascent and how they can
be identified using diagnostic toolBigure2.7). We have reviewed methods for restoring initial

water concentrations in Mls, and for using them to obtain decompression rate. If care is taken
throughout the stages of study, from sample collection and preparation through interpretations,
there is enormas promise in the rich information contained within the melt inclusion water

record.

Despite this promise, however, the Ml literature is largely full of water data that are
difficult to interpret with the schema we have developed here. Without thisassgs many
published water concentration data in Ml are of limited use in understanding magmatic and
volcanic processes. The unfortunate circumstance is that the vast majority of published Ml
studies do not report Ml size, distance to crystal rim, crgstahtation, photographs, eruptive
characteristics of the deposit and/or clast sizes. Without this information, it can be difficult to
determine where a given melt inclusion lies within the wiatss regime diagram.

In addition to best practices identifiedRoseKoga et al(2021)for general Ml studies,
we recommend all Ml studies that address water specifically are designed with the following:

a) Adequate understanding of the volcanic deposit studied, its mass discharge rate, VEI

and/or eruptive column height.

b) Description of the clast size or cooling history of deposit. Ash and lapilli clast sizes (<

2 cm) are ideal to prevent pestuptive water loss.
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2.6.

c) Selecting Ml host crystals that are euhedral and can be oriented by eye, or if not, can
beanalysedy EBSD to determine the fast'Hiffusion a direction.

d) Measuring the distance from the MI to crystal rim alongatf#0] direction. Either,
crystals must be mounted such thatdltirection is preserved within the polished plane
or the distance betwednl and olivine edge along must be determined optically before
final polishing.

e) Recording Ml sizes, including any assumptions about 3D geometry, and providing
photographs of Ml and their hosts.

f) Providing an accurate estimate of magma ascent teraperathich strongly controls
diffusivity.

g) Evaluating diagnostic petrological tools (e.qg., relationships betwg@rahd
incompatible elements, liquid lines of descent, other volatile species and potential SiO
loss) to infer ascent history 28 fidelity and/or speedometry.

Future work

This section highlights some of the key remaining questions/barriers to a better

understanding of Ml fidelity, water loss and speedometry.

a) Rate ofwater loss througholivine. One of the largest uncertaintiesnmodelling

water loss from melt inclusions remains the diffusivity 6fthrough olivine. Despite major

advances in recent years, several questions remain. First, the exact nature of the relationship

between diffusivity and olivine chemistry (primarily forsteribeit other trace elements may play

arole;Tollan et al., 2018; Jollands et al., 20b@eds to be quantified. In particular, dehydration

experiments on natural olivines with forsterite below 80 are lacking, as are measurements on the

combined effect of varying concentrations of Fe, H and trace elements on the diffusivity.
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Secondly, quesiins remain as to the extent of anisotropy in water loss through olivine.
While experiments have consistently shown more than an order of magnitude faster diffusion
alonga thanc crystallographic direction@-erriss et al., 2018; Barth et al., 201®js is not
always seen in profiles from natural samgdswcombe et al., 2020a)his raises the question
of whether the dehydration experiments are accurately capturing the processes occurring in
natural systems. Dehydration experiments of olivines or olmsted melt inlsions are
typically done in a 1 atm. furnace with no buffering melt, which faagur different defects and
reactions compared to the natural dehydration of olivines ascending towards the surface in a
degassing melt. While hydration experiments are qiggformed at higher pressures with a melt
surrounding the olivines, diffusivities relating to hydration should be applied with caution to
dehydration processes, as discussed in depEebhiss et al(2018.

Finally, while itis a good first order approximation in tmdellingof water loss from
Mis, the apparent bulk diffusivity of Hn olivine misses a lot of richness in the mechanisms of
the diffusion and reactions (bulk refers to the totaflbix, summedacross all defas). Jollands
et al. (2019khowed that while bulk H+ concentration profiles in natural dehydrated olivines can
be described by simple diffusion, when H+ is resolved into separate FTIRspeeikic defects,
the profiles show complex spes that are not consistent with a simple diffussabhmechanism.
Instead, they can bmodelledby a combination of reaction between defect sites and fast proton
polaron diffusion out of the crystdterriss et al(2018 observed that the apparent defuty of
some defects increased up to a steady state over time, while others decreased ,withichme
they attributed to changing availability of defect sites for tadtefiect reactionsTherefore, the
use of a constant diffusivity may not be valid, €leging on the crystal chemistry and availability

and distribution of defect sites.
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b) Incorporation mechanisms ofwater in olivine. Another outstanding issue relates to
the reaction at the metdivine interface (both in the melt inclusion and host magma). Different
reactions have been put forwgilanyushevsky et al., 2002; Gaetani et al., 2012; Ragin et
al., 2019)and there is the possibility that different reactions dominate under different conditions
and crystal chemistries. This has implications for estimating initial melt inclusion water
concentrations using the Si®120 method (see discsi®on above, Portnyagin et al., 2019), as
well as the partition coefficient which is a key parameter imtbdellingof Ml water loss.

¢) Non-Linear decompressiorrates So far, most models of Ml +equilibration assume
either a step function or constal@compression as the boundary condition. A step function is a
good approximation under certain specific circumstances (e.g. instantaneous surface unloading
during a landslide, a mixing event juxtaposing hydrous olivines with a dry magma) but is invalid
for the case of decompression during magma ascent. The assumption of constant decompression
is a good first order approximation for determining average decompression rate and making
broad comparisons between eruptions. However, magma decompression is ldelyighly
nonlinear with large acceleration in the final stages of ascent due to the formation and growth of
bubbles, as well as increased frictional pressure loss at the conduit walls due to water loss and
consequent viscosity rig&onnermann anlanga, 2007)Barth et al. (2019) examined the
effect of acceleration on melt inclusion water loss and found that models which assume constant
decompression rate significantly underestimate the total ascent time compared to those which
consider accelation. This is because the amount of water loss is greater at shallower depths and
to compensate for spending a lower proportion of time at shallower depths, accelerating magma

must have a longer total ascent time. Future models that considéneandeompression, and
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perhaps couple the diffusion model with a physical conduit model, would improve our ability to

infer information about conduit processes from natural samples.
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Chapter 3: Rates of dehydration in hydrous, highFo olivines

3.1. Introduction

The diffusivity of hydrogen in olivine has implications for a broad range of processes in the
earth sciences. Although olivine is nominally anhydrous, it can store hundreds of ppm hydrogen
(hereafter referred to as'Hhrough defects in its lattiGeenough to significantly affect the
strength of olivine and consequently the rheology of the m@dean, 1969; Bai and Kohlstedt,
1992; Bell and Rossman, 1992; Faul et al., 2086 iffusivity in olivine is also related to
ol i vineds el e avhioghcao prdvidecconstchintsan ther presepnce of water and melt
in the mantlgKarato, 1990; Yoshino et al., 2006; Noveltaak, 2017) In this paper, we focus
on the application of Hdiffusion in olivine as a chronometer for magma decompression rate
during volcanic eruption©emouchy et al., 2006; Newcombe et al., 20288)magma scends
in the conduit it degasses itg®linto vapourbubbles, which causes the outwards diffusion df H
from crystals carried within the host magma. If the diffusivity 6fitHolivine is known, the
resulting diffusion profiles can be modelled to determine the decompression rate of the magma, a
critical parameter that relates to volcanic explosivity (Cassidy et al., 2018; Barth et al., 2019).

The incorporation of Hinto olivine occurs through point defects in the lattice and is
governed by charge balance. For example*av@cancy may be charge balanced by*4Hhe
OH bonds in these different defects absorb en
using Fourierransform infrared spectroscopy (FTI@eran and Putnis, 1983; Berry et al.,
2005; Berry et al., 2007Yhe wavelength of an absorption peak in FTIR spectra is indicative of
the type of defect. Studies using FTIR have found that the most common defects in natural
olivines are as follows: 2Hharge balancing a metalacancy [Mg], H charge balancing an

metaf* vacancy and a trivalent ion (FeAl®*, Cr") substituting on a metal site [triv], and 2H
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charge balancing a®ivacancy and a Tion a metal site [Ti{PadrénNavarta et al., 2014;
Blanchard et aJ.2017; Ferriss et al., 2018)

Experiments on natural San Carlos olivine have revealed two primary diffusion mechanisms
(Kohlstedt and Mackwell, 1998; Demouchy and Mackwell, 2006 faster mechanism
involves a flux of H chargebalanced by a flux of electrons from?Féo Fe*. The electron holes
associated with Féare called polarons, and so this diffusion mechanism is often referred to as
the protoRpolaron mechanism. The second, slower mechanism involves the diffusiorabf met
vacancies along with their associatetland is called the protewacancy mechanism. Just like
Mg-Fe diffusion, this mechanism is fastalong thec direction [001], whereas protepolaron
is fasestalonga, [100].

Since both protoiolaron and protevacancy mechanisms involve the exchange of two
components (protons and polarons, protons and

which depends on the individual diffusivity of each exchanging species:

0O —_— Equation 3.1a
0O _ Equation 3.1b

where,O is the polaron diffusivityO is the proton diffusivity, an® is the metal vacancy

diffusivity. SinceO | O | O , these expressions can be simplifie®Dto ¢O
andO 0O  (Kohlistedt and Mackwell, 1998This has led to some confusion in the
literaturei the diffusivity responsible for generating diffusionprdf es i s t he dexchar

di f f u Bloweverthg Arrhenius figures iKohlstedt and Mackwell (1998) (their figures 3,

4, 6) are instead plotti ng O)whichisathctorofdand! spe
3 slower than thexchange diffusivity. 8me studies (e.g. Ferriss et al., 2018) compare results to
thesediffusivities for individual speciee.g.O ), when instead they should be compared to the
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6exchange @i f f)ursthisyoaperyab disCuss of the protorpolaron or proton
vacancy rates will be based thre exchange diffusivity (e.&§ ), since this is the raw

diffusivity that is obtained from modelling experimentally generated diffusion profiles
Recent studies have shio that H diffusion in natural volcanic olivines is fastest along
a, yet slower than the protepolaron ratgFerriss et al., 2018; Barth et al., 2019; Jollands et al.,
2019) One explanation put forward by Ferriss et al. (2018) and Jollands et al. (2019) is that the
H* located in defect sites must first undergo a reaction before diffusing thiloeighystal at the
proonpol aron rate. This extra reaction step dec
protonpol aron diffusivity. I n this paper, we use
combined effects of diffusion and defeeactions.
The speed of these reactions is set by the crystal defect structure, and so may vary
between olivines of different chemistry. For example, the faster appareiiffusivities in
Fo~80 olivines from Cerro Negro volcano compared to San Carlokikneta olivines (Fo~90)
were attributed to t(Bathethl)2019)madiisontotheg her Fe co
concentratiorof Fe, the relative amount of Faand Fé* (which is affected by th#O. at which
the olivines last equilibrated) is also thought to affectifusivity in olivine. Feris et al.
(2018) observe faster apparent diffusivity in olivines from San Carlos than from Kilauea, which
they suggest may be related to the oxidation fugacity at which the olivines equilibrated. The H
concentration itself may also affect the rate efstreactions. Jollands et al. (2019) find
significantly lower apparent diffusivities in olivine with highet ebncentrations, despite the
olivines having similar forsterite and trace element contents. They argue that a higher ratio of H

to trace elemestlimits the availability of defects available to react with tHereby lowering the
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apparent diffusivity. However, the olivines used in these experiments were metanamgbhic
contained far more Hhan observed in magmatic olivines (~150 ppth. H

To explore these proposed compositional effects (forsteri@,ddncentrationfO. of
equilibration), we carry out dehydration experiments on a natural olivine phenocryst from the
3930 BP subplinian Etniaall Stratified eruptiorfColtelli et al., 2005; Kamenetsky et al., 2007)
Samples from this eruption contain many clear, euhedral, and large olivines which ki@ idea
experimentation. Furthermore, olivim®sted melt inclusions from this deposit indicate that the
magma was wateich (4-5 wt% HO) and oxidized (NNO + 1.2) at depRameretsky et al.,
2007; Gennaro et al., 202@yhile having similarly high Fo as the Kilauea and San Carlos
olivines studied in Ferriss et al. (2018). These characteristics make the Etna Fall Stratified
olivine a good candidate for comparing the relatiieas$ of forsteritefO2, and RO
concentration on Hdiffusivity in olivine. The H diffusivities determined here also provide the
basis for an accurate speedometer with which to quantify decompression rates for the explosive
Fall Stratified eruption (Chaer 4 of this thesis).
3.2. Methods
3.2.1. Samplepreparation

A singleEtnaFall Stratifiedolivine from sample IGSNIEACB000Y was cut in two and
both halves polished into cuboids (ETB®ckl and ETFSlock2i seeFigure3.1). Sample
thicknesses in all three crystallographic directions were measured with a digital micrometer
accurate to within Bm, and aré53 x 670 x 1246 and 953 x 725 x 1248 for blocks 1 and 2,
respectively Crystallographic directions were determineahfi crystal morphology and
confirmed with EBSDSeveral hundred microns wegpelished offthe rims, with the goal of

removing low water rimsthe resulting initiaH* profiles arebroadlyhomogenouslonga
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eg.E|| ¢ raypath || a, profile || b

Figure 3.1: Photo of Etna FS block 2 showing configuration of FTIR profiles.  Red lines
indicate electric polar ization direction, E. Any blemishes in the photo are due to crystal bond
(which the crystal is mounted in) and laser tracks t neither olivine b locks have inclusions or

internal fractures.

(within 6% for blockl, 8.1% for block2), apart from the [Mg] peak which shows 16% variation
alonga for block2. Profiles alongy andc for blockl show more variabilitiy up to 30% for the
[Mg] peak Figure S3.6Figure 3.7).
3.2.2. Laser ICP-MS

LA-ICP-MS traverses were conducted to meastivly, 2°Si, 1P, 43Ca, **Sc,*'Ti, 52Cr, 55Mn,
57Fe,%9Co, %°Ni, and®%Zn using a Thermo/VG P@xCell and ESI 193 nm excimer laser at the
LamontDoherty Earth Observatory (LDEO) after all experimemése compdte. The crystals
were rastered fromim to rim at3 um/s using &5-um spot size, 15 Hand 2.4 GW/cm2
following a preablation step to clean the sampiaface. Backgrounwas collected for 1 min
with the laser firing. The averadgpackground was subtri@d from the signal, which was then
averaged in blocksf 20 pointsInitial counts were calibrated using the B1B glass (values in

Kelley et al., 2003)andsomeelements wee corrected to the certified values for San Carlos

79



olivine (Jarosewich et al., 1980yleasured profiles show limited zonatien10 %)and can be
found in the supplementary data table.
3.2.3. Dehydration experiments

Both blockswere heatedt 1 atmin increments using a vertical furnace (describef@drriss
et al, 2015, with oxygen fugacity held at NNO+{Gennaro et al., 202®y mixing CO-COz
gas. ETFSbhlockl was heated at 8¥Dand an oxygen fugacity of 8°bars for 0.5, 2, 5, 8, 12,
26 and 40 cumulative hours. ETH®ck2 was heated at 10@and an oxygen fugacity of 10
915hars for 0.5, 1, 2, and 4 cumulative hours.
3.2.4. FTIR

Olivine water concentrations were measutedugh the whole block@g-errisset al., 2015)
using Fourier transform infrared spectroscopy (FTIR). Spectra were collected using the Thermo
Nicolet Nexus 670 infrared spectrometer and Thermo Nicolet Continuum 15x infrared
microscope at AMNH with a spot size of 2A@0nm, resolution of 4 cm!, and averaged over
200 scansWe fit a quadratic baseline through the spectra between wavenumbers 3100 and 3650
cnrl. After subtracting this baseline, we fit gaussian peaks with fixed positions and \lidttie (
3.1) to the spectra to determine defspecific H concentration profiles based on peak areas. We
calculate absolute water concentrations with the calibrations oBadtlet al.(2003 and
Withers et al(2012), although the results of diffusion modelling are only sensitive to relative
differences in water concentrations and so the choice of calibration has img lbeaour
diffusivities.

Between each heating step, ptofiles were measuraslith a ZnSe polarizer parallel to
crystallographic ags For each crystallographic direction, a profile was measwitbicthe

electric vector, Epolaizedalonga andc (Figure3.1). Each analysis represents an average water
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concentration along the path of the infrared beam, and an ortabgeries of such
measurements can be used to determine the diffusivities along each crystallographic dasection,
described in Ferriss et al. (2015).

Table 3.1: Position s and widths of modelled peaks . Peakpositions are similar to those
reported in Berry et al., 2005; Berry et al., 2007; PadrénNavarta et al., 2014.

Peak wavenumber Peak width Interpreted

cmt cm? defect
3232 78 [Mg]
3329 29 [triv]
3359 20 [triv]
3524 32 [Ti]
3546 12 [Si]
3559 11 [Si]
3573 14 [Ti]
3600 24 [Si]

3.2.5. Modelling diffusion profiles

Because of the patintegrated 3D nature of the FTIR profiles, there are vati@ae offs
between the diffusivity along, b, andc, as well as the Hconcentration at the crystal edge
(which typically appears to be above zérsee discussion below). For each diffusion profile, we
find the best fit values for these parameters that minimizes the misfit between the data and the
model using the python pleage scipyoptimize.minimize Misfit is calculated as the square of
the difference between the ldoncentration predicted by the whdllck forward diffusion
model from(Ferriss et al., 201&)nd thaimeasured by FTIR, summed for all data points along
all profiles @, b, ¢). Uncertainties in these best fit values are calculated by exploring a grid of
parameter space (along,Dy, Dc and edge concentration) and calculating misfit for each grid
point (see section3.3.2below). We scale the misfit such that the reduceds 1 at the

minimum, and calculate p,, in each parameter from the bounds on the region in which ¢.
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3.3. Results
3.3.1. Defect structure of starting material

The spectra shoabsorption peakselated to Mg* vacancies (lower wavenumbers, between
3100 and 3400) and“Sivacancies (high wavenumbers, between 3400 and 3700). As found in
other studies, thpeaks ardargestwith E ||a and E |g and so we focus our attention on these
(Figure3.2). The peak at 3232 chis thought to be P* chargebalanced by a Mg vacancy
[Mg] (Lemaire et al., 2004}he peaks at 382333 cnr! are adoublet associated with a ¥y
vacancy chargbalanced by Hand trivalent ior(Fe**, Cr¥*, AlI®*) substituting on a metal site
[triv] (Berry et al., 2007)the peaksta3524 and 353 cni! are a doublet created by 2 ebupled

with Si** vacancy and T on a metasite[Ti] (Figure3.3, Berry et al., 2005)The [Ti] peaks

i Withers: 42.7ppm Bell: 67.4ppm Withers: 41.0ppm Bell: 64.7ppm
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Figure 3.2: Spectra taken in the centre of each face before dehydration. For each point,
spectra are taken with the polarizer in both orthogonal crystallographic directions within the
measurement plane (e.g. faceA_polB and faceA_pol C are taken on face a (100), withE || b
[010] and E || c[001]. Total peak area is calculated as the sum of areas with each polarization
direction, and then converted to H 20 using the Bell et al., 2003 and Withers et al., 2012
calibrations. For each polar ization direction, there are two possible faces to measure, so we
calculate total water using both sets of faces (left vs. right plot) and find good agreement.
Bars to right of each graph show proportion of total peak area contributed from each
polarizatio n direction.
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Figure 3.3: Example spectra with the electric polar ization parallel to aand c. The [Triv]
peak is the only one to be seen clearly with both polar ization directions.

overlap withseveral smaller peaks which are likely associated withv@tancies [Si[Lemaire
et al., 2004; Berry et al., 2009)he [triv] peaks are seen with E&jand E |c and make up 45 %
of the total peak area (summing over spectra wittaand E |c). The [Mg] peak makes up 30
% of the area, followed by the [Ti] peaks which make up 20%, and the [Si] peaks which make up
5% (Figure3.3).
An initial, exploratory experiment of 30 minutes of heating at®1§ielded very little water
loss, but did smooth out some variation in the initial profiles. Since a diffusion profile did not
clearly develop, the pfiles generated at 30 minutes could not be modelled for diffusivity.
Instead, these profiles were used as the initial profiles for subsequent dehydration. A comparison

of the initial and30-minutepeakspecific profiles can be found in the supplem@ngure $3.8).
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Figure 3.4: Series of dehydration profiles along a, b and c during dehydration at 1000
oC after 0.5,1, 2, and 4 hours. Curves are generated using bestfit parameters shown in figure
4. Profiles shown for all modelled defects (figure 2). Note the good agreement of [Triv] with

E || aand E || c. Diffusivities and e dge concentrations used to model profiles shown in

3.3.2. Dehydration

figure 6.

We observe water loss in experiments at both°8land 1000C, whichis clearly
dominated bydiffusionalonga (Figure3.4). At both temperatures, diffusivity alo@geginsat
~1 log unit below the protepolaron rate, and appears to decrease by ~ 0.5 log units over the

course of the experimentgigure3.5, Figure3.6). This is seerfior all defects, which have the
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same diffusivity within uncertainty. An exception is the [triv] defect which begins slower than
the other defects at 82Q (5 hoursFigure3.6), although by 8 hours it has the same diffusivity
as theother defects.

On the other hand, at 10 diffusivity alongc appears to increase with time, although it
never exceeds 0.8 log units slower than a®(igigure3.5). While the best fit diffusivity along
increases, the data do metuire it within uncertainty that is, a good fit to the data can be
achieved with a constant diffusivity aloodFigure3.5, FigureS3.1). At 81(°C, minima in the
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Figure 3.5: Misfit plots for each parameter varied (Da, Db, Dc, edge concentration) for
experiments at 1000°C. Mo delled profiles are for bulk water (sum of all defects) with E|]| a.
Best fit values shown by circles, + - 1 sigma indicated where chi -squared= 2. For Db, a value of

101275was imposed since there is no clearly defined minimum (due to the flatness of the
profiles along b). Arrows above plots show change in parameters over time ¢ decrease in Da
and edge, increase in Dc. Note that Dc can be fit by a constant diffusivity within errorof + -1
sigma (shaded triangle).
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Figure 3.6: Left: Best fit diffusivity along  a over time for experim ents at 1000°C
(dashed) and 810°C (solid). Right: Best fit edge concentration as fraction of initial over time.
The two lines for [Triv] correspond to measurements taken with E || aand E || c. Black lines
with error bars show bulk diffusivity along afor measurements with E|| a. Errors are + 1
sigma from misfit plots in figure 4.

misfit curves for R are less clearly defined or absent and there is no indication that diffusivity
speeds upHigure 3.5). When solving for best fit edge and & 810C, we fix D to 10135
m?/s, which fits all profiles well, and prevents the problem of the minimization finding small
local minima for unrealistic values of.D

The concentration profile alorigremains flat throughout the experiments at both
temperatures and so warconly provide an upper bound on diffusivity aldnfFigure3.4,
Figure3.5). The asymmetric nature of the misfit curve farrdears that the bestit values for
Db are not particularly reliable or meaningfulve fix Dp at 10'2°m?/s at 1000C and 1042
m?/s at 810°C,which are the highest values that give a good fit for all experimental times. There
is a negativéradeoff between B and I3, which arises because the profile al@ig measured
with the raypath along. However, for fitting profiles at 100U if Dy is decreased to 18 m?/s,

Dais changed by less than 1%.
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There is also a positiveadeoff between the edge concentration andThis is important

because it means that studies which fix the edge concentration at zero (e.g. Ferriss et al., 2018)

will underestimate the diffusivity responsible for generating the profile.

We estimate two bulk HArrhenius relationship®r Da, onefor the start and one for the end
of the experimentéFigure3.7). Since the diffusivity is the same for all defects, this bulk
diffusivity is equivalent to the peadpecific diffusivities.The values of Q anddarea given in
figure 7.The rates that we obseranga areapproximately one order of magnituslewer
than the protoipolaronratebut several orders of magnitudister tharthe protonvacancyrate
and ingood agreement with the results of a recent stddther Fo~90 olivines frorBan Carlos
and Kilauea Ik(Ferriss et al., 2018Y.he Arrhenius law alonf is based on the upper bounds of
diffusivity described above since the profiles are flat alenglthough b increases over time at
1000°C, the experiments at 80C do not show a trend with time, so wéccdate a single
Arrhenius law using a value of 10%at 1000 which fits profiles at all timesHigure3.5). As
with Da, Dcis also 11.5 log units slower than the protpolaron mechanism alorgy although it
also aligns with the protemacancy mechanisntigure3.7).

3.4. Discussion
3.4.1. Common peakspecific diffusivity

We find that all defect peaks show diffusion profiles which can be fit with the same
diffusivity (to within 0.25 log unitskFigure3.6). In contrag PadrénNavarta et al(2014)found
for pure forsterite that different defects have distinct diffusivities with differences over three
orders of magnitude, far exceeding any reasonable uncertainty. Moreover, tspeeék

diffusivities measured blpadronNavarta et al(2014)are significantly slower than all of the
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Figure 3.7: Arrhenius diagram for H diffusion in olivine. Blue and green shaded

region shows 95% confidence envelopes for previous measurements of proton -polaron rate
(redox t Kohlstedt & Mackwell 1998) and proton -vacancy rate (PV+ Demouchy & Mackwell
2003) during hydration of San Carlos olivine. Note that envelopes and solid blue lines are for
D exchange, dashed blue lin es below are for D 1 (see introduction text for more details). Black
dotted lines show peak -specific measurements from dehydration of synthetic forsterite
(Padron-Navarta et al. (2014). Blue line shows measurements on natural Kilauea Iki olivines
(Ferriss et al., 2018). Purple arrow at 800°C shows range of measurements on San Carlos
olivine, which slowed down over time (Ferriss et al., 2018). Arrhenius laws for Etna Fall
Stratified (this study) shown in red. Red arrows show Da slowing down and Dc (at 1000 °C)
speeding up over the course of experiments. Estimates for bulk H diffusivity in unoriented
MI -bearing olivines shown by grey ellipse (Portnyagin et al., 2008; Mironov et al., 2015; Chen
et al., 2011; Gaetani et al., 2012). The activation energies (Ea) ad pre -exponential factors (D0)
for our Arrhenius laws are provided in the inset table.

diffusivities we report here. This highlights the importance of Fe fadiffusion in olivinei in
pure forsteritethere can be no proteguolaron diffusion and so thadiffusivities thatPadron

Navarta et al(2014)measure are closer to the true diffusivity of each defect.-lmeeng
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olivines, the protospolaron diffusion mechanism can occur, and since it is orderaghitude
faster than the inherent defesgiecific diffusivities, it dominates the water loss.rAust react
out of its defect site in order to diffuse via the prepmiaron mechanism, so the apparent
diffusivities that are expressed in our diffusion pesf are not true diffusivities, but a
combination of diffusion and reactigrerriss et al., 2018; Jollands et al., 20F)rthermore,
the similarity in peadspecific diffusivities that we observe suggests that the reaction constants
are similar for all defects, that is; i equally able to reaciut of any defect site.

We propose that these reactions requireé Gecupying a metal site near & #efect ([triv],

[Ti], [Si], [Mg]). For all defects, the Hreacts with this e to form Fé*:

[Si]:

0 Q¥ 0 08 0O Equation 3.2a
[Mg]:

O oo @ ¢ o 08 0©O Equation 3.2b
[triv]:

o o 08 0 ¥ w o0& 1O Equation 3.2c
[T

O o Y& 0 @ O o Y& "08& 'O Equation 3.2d

These reactions are writtenKmogerVink notation(Kroger and Vink, 1956)in which
curly brackets {} denote charge neutral defect assodcigtisubscript indicates the site location
(m = octahedrally coordinated metal site or Si = tetrahedral silicon site), and superscript indicates
the charge. For example/®Rreferences Ti** located on a metal vacancy with an overall charge

of +2.@ is a Si vacancy with a charge-df Note that the product of the reaction for [Mg] is
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the [triv] defecti the [triv] defect could be seen as an intermediate step in the full dehydration of
the [Mg] defectA polaron (electron hole) is denoted 8 which can be thought of as the
excess charge on a¥eAfter reacting out of its defect site, the i4 then activated to diffuse
rapidly via the protofpolaron mechanism, chardpalanced by a counter flow of polarons:
O LI ¢ Equation 3.3a
Or, since the polarons are thought to be associated with the excess chafggetbisFan be
written as:
e Q '0Q "0Q 08 Equation 3.3b
3.4.2. Temporal changes in apparent diffusivity
We observe that the apparent diffusivity al@gjows down by ~ 0.5 log units over the
course of the experiments (4 hours at 180040 hours at 81%C). Since the true protgpolaron
diffusivity should be timenvariant, it follows that this apparentaease must be related to the
reaction step. In abf the reactions written above, the key reactant allowing the reaction to
proceed is F&. As dehydration progresses ?Fs oxidized to F& and Ferriss et al. (2018)
proposed that this (very slight)ild-up of Fe* could slow down the reactions. Jollands et al.
(2019) argued that there was essentially an infinite source’bfdfative to H. However, for an
olivine with Fo ~ 90, only 1/10 metal sites will be occupied by Fe, which is less than pee Fe
unit cell (the unit cell contains four formula unit8 metal sites). Consider the reactions above:
only the [triv] defect fully dehydrates after one reaction witff FEhe other defects, which
contain multiple Hions, require more than one reacttoriose all of their . When the first
dehydration reaction step occurs and the nearbyisexidized to F&, the remaining Hin that
defect will be trapped until another?¢which is likely more than a unit cell away) diffuses to

the defect. Theitfusivity of Fe-Mg exchange in olivine at 100C is ~ 10" m?/s (Dohmen and
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Chakraborty, 2007 many orders of magnitude lower thahdiffusion. However, for length
scales on the order of the unit ceH{80), the time scales implied by these diffusivities is less
than a second, so short distances of Fe diffusion during the experiments should be possible.
It appears that at 100C the diffusivity along increases, although it is possible to fit the
profiles reasonably well with a constant Biure3.5, FigureS3.1). This increase alonghas
notbeen found in previous studies (although the profiles in Ferriss et al. (2019) do not rule it
out), and we do not have a good explanation for it, or why it is absent &£ 8B6cusing first
on an explanation for the increase algnd is possible thahe relatively oxidizing conditions of
the furnace set by gas mixing (NNO+1.2) promotes the formation of vacancies*aatlthe
olivine-gas interface, as described in Equation Blakamura and Schmalzri¢ti983:
eO0Q Y 0 cw TO& oY Equation 3.4a
In a 1 atm. gas mixing furnace, it is unclear whereé™f# could come from, but the reaction
could instead be written as:
eoQ 0 cw TO8 0Ql Equation 3.4b
which would creatsviistite(FeO) at the crystajas interface.

The protorvacancy diffusivity should be independent of the vacancy concentration.
However, the diffusivity of FéVig exchange is enhanced by increasing vacancy concentrations,
so itis possible that Hdefects hae a faster supply of Fealongc, which allows for faster
reactions. The absence of an increaseciov@r time at 800C could be due to the higher
activation energy of the proton vacancy compared to the proton polaron mechanism (258 kJ
versus 13&J1 Mackwell and Kohlstedt, 1990; Demouchy and Mackwell, 2086 B00°C, the
proton vacancy mechanisntjg 3.4 log units slower than proton polaroa jvhile at 1000°C it

is only 2.4 log units slower.
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One of the exciting applications of ldiffusion in olivine is as a chronometer of magma
decompression (e.g., Newcométeal., 2020; Barth and Plank, 2021). For such an application,
what are the implications of an apparent diffusivity that changes over time? Is the diffusivity at
the start or end of the experiments most relevant for modelling diffusion during magma ascent?
If our view that the decrease is due tousld-up of F€* is correct, we would expect that the
apparent diffusivity has been slowing down monotonically since dehydration first began during
magma ascent in the conduit for this natural crystal. In this tlas diffusivity at the start of
decompression in the conduit may actually have been faster than we observe at the start of our
experiments. After a period of dehydration during ascent in the conduit, water loss will become
ratelimited by the reactiongnd the apparent diffusivity will slow down from the proton
polaron rate.

If our interpretation that water loss anbuld-up of F€* cause the decrease in apparent
diffusivity, we would expect that olivines that have undergone hydration immediatehtqori
dehydration would show faster apparent diffusion. That isptiild-up of F€** during
dehydration should be reversible during hydration. Natural olivines from Kilauea (Ferriss et al.,
2018) and Etna (this study) both begin dehydration at appaf@rdidties of ~ 1 log unit lower
than proton polaron. By contrageerriss et al. (2018) found that the apparent bulk diffusivity for
the San Carlos olivine began much faster, at near pudtamon rates, slowindown by ~ 0.7
log units by the end of tireexperimentsEigure3.7, Figure3.8). The San Carlos olivines were
experimentally hydrated before dehydration, which would have likely resulted in a close
association of Hdefects and ¢ at the start of dehydtion, allowing fast reactions. Under these
conditions, the reactions were not rate limiting at the start of the experiments and so the apparent

diffusivity is closer to the true protgomolaron diffusivity.
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Figure 3.8: Schematic of H* diffusivity along aas a function of time. Purely schematic
with no scale because of the different temperatures of experiments and magma ascent,
leading to different timescales and diffusivities. The Arrhen  ius law that we measure at the

start of our experiments may correspond to the final diffusivity active during magma ascent.
For modelling magmatic processes, the proton polaron rate (dashed line) or the diffusivity
measured at the start of our experiments are more relevant than the diffusivity observed at
the end of the experiment. San Carlos olivines were experimentally hydrated before they
were dehydrated, which may explain why the initial diffusivities during dehydration are

higher than ours. Lines are d ashed beyond experimental hydration because we do not know

how slow diffusivity became during dehydration in the volcanic conduit and lava flow (since

this was erased by subsequent hydration).

Therefore, the relevant diffusivity for modelling kh olivine diffusion profiles generated
during degassing on magma ascent probably evolves from the jpaigmon rate to a slower
rate that depends on the forsterite of the olivine (see s&dof). Given uncertainties, it seems
reasonable to use a constant diffusivitgither the protofpolaron rate as an upper bound, or a
reactionlimited rate dependent on forsterite (sectBof.4 as a lower bound.
3.4.3. Edge concentration

One surprising feature of the diffusion profiles is the need for a finite boundary condition,
that is, the Flconcentration does not reach zero at the crystal edgean it be reasonably
extrapolated to zero. In our fitting procedure we treat the edge concentration as a free parameter

and find the besiit value at each time which minimizes the misfit. Over the course of the
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experiments, the befit edge concenttéon decreases from 50% to 12% at 100Gand from

68% to 27% at 816C. If the edge concentration is fixed at zero, the fits are significantly worse
and the bestit diffusivity along a decreases markediyfor profiles after 8 hours at 8PC, the
diffusivity alonga changes from 18 72m?/s if the edge concentration is a free parameterto 10
12.58n¢/s if the edge is pinned to zeddigure 3.2).

Similarly, for modelling H profiles in natural olivines to determine magma ascent
timescales, if the profiles trend to finite values at the edge but are modelled with an edge
concentration of zero, this would bias the timescales to shorter ascentNememmbe et al.
(2020 found finite edge concentrations it profiles for natural olivines from Seguam, Kilauea,
and Cerro Negro. They incorporate this finite edgeceatration into their modelling by varying
the partition coefficient, ki a higher k means that more *His incorporated into the olivine for a
given pressure and mel@® concentration.

Non-zero edge concentrations in lunar glass beads have been mbgalledmbination of
diffusion and gapoiation from the bead surfa¢eogel and Rutherford, 1995; Saal et al., 2008)
However, the timescales investigated for the lunar beads were far shorter (~300 s) than those of
these experimentand it seems unlikely that'tévaporation is ratBmiting on timescales of
hours in a furnace at 810 or 108D and 1 atm.

Another possibility is that the oxidation reaction (&tjon3.4b) creates FeO and ¥eat the
olivine-gas interface, changing thexal kinetics such that Hoss at the interface is hindered,
and thereby pinning the*tédge concentration to values above zero.

Alternatively, the finite edge concentration could be understood within the coupled reaction
diffusion scheme described afeo If the local arrangement of defects becomesféassirable

for reactions as dehydration progresses, the reactions will be slowest at the crystal edge where
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water loss is highest. With a spatially varying reaction rate (highest getites lowest athe
edges), this could cause an appabenid-up of H* at the crystal edge. Thus, the same
underlying phenomena creating the decrease in apparent diffusivity may be responsible for finite
concentrations of Hat the crystal edge.

There are some similaies between the profiles we observe and those modell&étidrnaval
and Demouchy2014) They model the combined effect of simultaneous prparon and
proton vacancy mechanisms, assuming that theptecesses do not interact, and that there are
finite O0r étsaecanvdiffuse vsa@aclonechdnism. Initially, a prgiotaron diffusion
profile develops along with edge concentrations equal to the amount'a$tared in the proton
vacancy reg@oir (which can never be accessed by the prptmiaron mechanism). Once the
protonpolaron reservoir is used up, the pret@ctancy takes over and the anisotropy becomes
fast alongc (see their figure 6). The modelling approach in Thoraval and Demog6ay) is
largely informed by hydration experiments, in which a clear transition occurs between an initial
fast protompolaron mechanism, followed by the proteeccancy mechanism. This transition
makes sense for hydration experiments since the ppaitaman mechanism for hydration
requires F&, which exists in such small quantities in olivine that it can be used up. Once the
protontpolaron mechanism exhausts the availabfé,Fecan no longer occur, and so diffusion
proceeds at the proteracancy rate. bwever, this is not the case during dehydration, sinée Fe
exists in high enough quantities that it is always available to facilitate the folamn
mechanism. Instead of the abrupt transition modelled in Thoraval and Demouchy (2014) with
entirely seprate reservoirs for protguolaron and protowacancy mechanisms, ievoura
more gradual transition for dehydration. At each time step, the edge concentration may represent

a reservoir of Hthat is temporarily unable to diffuse via the prefmiaron nechanism, i.e.
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defects that are lesavourablylocated with respect to Fe Over time this reservoir shrinks (and
the edge concentration drops) as'lei f f us e s t ¢ and rfeaets \With ig enkbding the H
H* to diffuse via protospolaron.
3.4.4. Effect of forsterite, H20, and fO2

We now return to the question laid out in the introduction: how does the olivine forsterite
content, H concentration, and tH®:zat which it last equilibrated affect the Hiffusivity? The
olivines in this study from the Habtratified eruption of Etna are the most hydrous magmatic
olivines for which H diffusivity data exist, with 42 or 66 ppm:8 (depending on calibratioin
seeFigure3.2). The close agreement between our results and those for Kilauea Iki olivines
(Ferriss et al., 2018Which had considerably lowerldoncentrations aniD. (Table3.2),
suggests that at least within the ranges explored so far, the effecandtd. on H* diffusivity
is negligible. While San Carlos olivine ended the experiments with an apparent diffusivity
similar to the Etna FS olivines, they began much faster, which may be a result of the
experimental hydration immediately prior to dehydration.

Of the experimentally dehydrated magmatic olivines, the highest diffusivity is exhibited by
those from Cerro Negrdérth et al.2019) These olivines do not have remarkai@e and H
compared to the range, but have significantly lower forsterite, suggéséinthe forsterite

Table 3.2: H20, fO2 and forsterite of experimentally dehydrated magmatic olivines. (1)
Ferriss et al. (2018); (2) Barth et al. (2019); (3) This study.

H20 concentration (ppm)

Sample (calibration of Bell et al., 2003) 10z YNNO Fo %
San Carlos 45 pgr:ng:'”gg)m after NNO (during annealing) 88
Kilauea Iki! 19 ppm NNO1T 0.45 86
Cerro Negro? 9 ppm NNO + 0.25 79
Etna Fall-Stratified 3 66 ppm NNO + 1.2 90
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content is the dominant control on the diffusivity during dehydration of natural olivine. The
Cerro Negro olivines also did not show a decrease in apparent bdikusivity over time,
supporting the hypothesis that the availability of'lpdays a key role in the temporal evolution
of apparent diffusivity.
3.5. Conclusions

Our results indicate that the forsterite content has the largest effect on apparent difftisivity
H*in olivine. Within the range studied, we find no clear effect gdldoncentration othefO2 at
which the olivines lastquilibraed Despite some complexities, the apparent diffusivities that we
measure for bulk Hdiffusion are broadly similar tthose determined by Ferriss et al. (2018).
The six order of magnitude variation in diffusivity reported in previous experimental works is
thus beginning to collapse and converge to a common Arrhenius relationship for natural, Fe
bearing olivines.

The presnce of Fe appears to affect diffusion from all modelled defects and allows them to
all lose water at the same rate. Thus, the differences ingpeakfic diffusivities found by
studies on Fdree olivines are unlikely to be relevant in nature. This isrgortant finding as it
validates the use of methods that can only measure bulk water, such as SIMS. Many olivines in
natural samples are too small and do not have enotigh $thow welresolved FTIR peaks
when doubly polished, so SIMS may be the onlyhrad able to measure™Hiffusion profiles.

In agreement with results from Ferriss et al. (2018), we find that the apparent diffusivity
alonga decreases over time by ~ 0.5 log units. This may be the result of a lodalilcedp of
Fe** around partially dehydrated defects, which effectively traps the remairingtHit comes
into contact with an Pé&that it can react with. Extrapolating backwards in time from our

experiments to magma ascent in a volcanic conduit, the apparentilijfusiFe-bearing
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olivines may begin at or near the profoolaron rate and slow down monotonically. Therefore,
the relevant diffusivity for modelling volcanic processes may lie between the yokaron rate
(at the initial depth in the conduit) and tingial apparent diffusivity that we measured in the
laboratory (on the erupted crystal that experienced the full ascent history). This range in
diffusivity propagates to a large uncertainty in modelled decompression rates (~ 0.75 log units in
chapterd). Further work to understand the temporal evolution of diffusivity would be highly
valuable.

The use of an O6apparent dif fusfdffusionplds t o i nco
reaction may be sufficient for first order modelling of dffusion profiles, however, there is
clearly much richness in the data that this approach misses. The data presented in this paper
could be used to develop a coupled reaetidfusion model, which may shed light on both the

finite edge concentration and the temporal variations in apparent diffusivity.
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Chapter 4: Rapid ascent fromnear Moho depths during the Etna

Fall Stratified eruption

4.1. Introduction

Basaltic volcanism occarover a vast range of scales and styles, from effusive lava flows, to
Strombolian, Hawaiian, and up to Plinian erupti@idsughton and Gonnermann, 200B}na is
a prime example of a volcano which hosts all of these differentienugtiyles(Coltelli et al.,

1998; Del Carlo and Pompilio, 2004; Branca and Del Carlo, 2005; Andronico et al., 2009;
Moretti et al., 2018)The transition between lava flows, Strombolian, and Hawaiian eruption
intensity has typically been attributed to varying degrees of coulpéitwgeen the magma and
exsolvedvapourbubblesi more explosivdoehaviouroccurs when bubbles are trapped within a
rapidly ascending magn{®arfitt and Wilson, 1994; Houghton and Gonnermann, 2008; Namiki
andManga, 2008)On the other hand, the mechanisms that drive basaltic magma to form
explosive subplinian and Plinian eruptions are less well understood. These high intensity
eruptions are thought to require brittle fragmentation, which is difficultdsallic magma to
undergo on account of its low viscos(fgiordano and Dingwell, 2003; Houghton and
Gonnermann, 2008; Goepfend Gardner, 2010b; Moitra et al., 2018; Bamber et al., 2020)

In this context, the 3930 BP subplinian Fall Stratified eruption of picritic magma at Etna
represents an extreme example of thidOs mystery
concentration, and low Sg@oncentrations and crystallinity, all act to lower viscogipltelli et
al., 2005; Kamenetsky et al., 200@hd yet this eruptonvga one of Etnads most
challenge of explosively erupting a low viscosity picritic magma is highlighted by their rarity;
Coltelli et al. (2005) point out that the Fall Stratified eruption is the only known subplinian
eruption of a picritic magen
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The primitive and uniform olivine population of the FS magma (F®2ppoints to
relatively fast magma ascent from great depths, at or near the MohByprgcht and Plank,
2013) The high density of picritic basalt presents a chabéidiogits ascent through the entire
span of the crugAnderson, 1995)Corsaro and Pompili(2004)show that the FS magma
needed to maintain itsapourphase or it would stall in the mid crust.

It has been proposed, tre basis of experiments, modelling, and field observations of
geysers, that the plume height (and explosivity) of an eruption is positively correlated with the
depth from which the eruption was sour¢Bi@dmiki and Manga, 2005; Namiki and Manga,

2006; Reed et al., 20213hock tubeeriments on bubblbearing viscoelastic fluidshow that
more violent fragmentation occurs for larger pressure drops and initial bubble volume fractions
(Namiki and Manga 20Q22006).Greater source depths and higher vesicularity mean more
potential enagy to be converted into kinetic energy and consequently faster expansion velocities.
Therefore, fast decompression of a volatid magma from near Moho depths may have been
responsible for the subplinian explosivity of the Fall Stratified eruption.

Coltelli et al.(2005)propose that the Fall Stratified eruption was propelled by high
volatile concentrations (in particular @Qausing early exsolution deep in the crust and
consequently high rates ofamma decompression. We aim to test this hypothesis by determining
the primary volatile concentrations and decompression rates of the magma. Ultimately, we want
to understand how a picritic magma is able to ascend through the entire crust without stalling,
mixing with other magmas, or crucially, losing w&pour in order to erupt with the most

explosive intensity ever documented for a picritic magma.
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4.1.1. Background
The Fall Stratified eruptionf Etna (393@P) produced voluminous pyroclastic flow
deposits (@55km?® dense rock equivaleintColtelli et al, 2005, which attaired thicknesses of
110 cm at distances of 7 km from the vent. The plume height has been estimate2Ddg1i 8
from isopleth mappingyhich Coltelli et al.(2005 modelled using the expressionvifilson and
Walker(1987)to infermass eruption rates o8 z v& p 1tkg/s and a high explog energy
(VEI 4, sulplinian). As suggested by its name, the Fall Stratified eruption deposit consists of fine
scale layering between finer and coarser laj@idltelli et al.(2005 argue that the depibs
r ef | e éotmstiorfiof asustained eruptivecolumdin and i nt erpret the | aye
oscillations in plume height. Furthermore, the lack of lithics and fine particles supports a
magmatic rather than phreatic origin of the eruption. TheStadtified eruption marks an
i mportant ev e nithefrequerEyt ohexposive Bruptionsodoupled after the FS
eruption(Coltelli et al., 2000)suggesting that it may have fundamentally altered the magmatic
plumbing system beneath Etna and/or signals a change in the mantle melting process.
Previous worlhas established the key compositional features of the FS n{&gmanetsky
et al., 2007; Correale et al., 2014; Corsaro and Métrich, 2016; Gennaro et al., 2019; Gennaro et
al., 2020) The erupted magma is tablefor its picritic compositiori unusual for MiEtna and
not erupted since the FS eruption. Whole rocks hav&é7@1t% MgO,melt inclusions 1Is)
have9di 10 wt.% MgQO, and most olivines are FO831L (althoughColtelli et al.(2009 find Fo as
low as 83, most of their olivines werei®l and other studidsKkamenetsky et al., 2007;
Gennaro et al., 20I9and this study find exclusively Fo 891 olivines) Most olivines are
unzoned Coltelli et al, 20095. Another unusual aspect thfe FSwhole rocks and melt inclusions

is thehigh CaO/AtOs ratios (.11 1.5; Kamenetsky et al., 200./No other eruptions from Mt.
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Etna have such elevated CaCQ@d, and no other subductierelated mgma in the world has
such high CaO/ADs (Turner and Langmuir, 2015y he tephra contains high Mg olivines,
clinopyroxenegMg# 90'91), and Cr spinel. Inclusions bigh Mg #clinopyroxens within
olivines indicate early crystallizatidna signof high pressures ofrystallization(Kamenetsky et
al., 2007 andalso consistent with the high CaO#8k. Furthermore, high concentrations of
volatiles ¢ 4 wt% HO, 3500 ppm C¢) have been measurednmelt inclusions, giving
equilibrium pressures of 500 MPaKamenetsky et al., 2007; Gennaro et al., 2019)

A major issue with the FS samples is theglt inclusions contain @apourbubble that is
typically coated in GaMg carbonategKamenetsky et al., 200.7Therefore, despite the already
high measured C{roncentrations, the true GGoncentrations at the time of Ml entrapment,
and inferred equilibrium pressures, are likelyo&even higherPrevious work over the past
years has daonstrated that the G@oncentrations in melt inclusion bubbles may contain > 80%
of the bulk melt CQ(e.g.Moore et al., 2015)and so it is of paramount important to reconstitute
the CQ in melt inclusions before being able to estimate either a) the depth of melt inclusion
entrapment or b) the primary volatile contents of the magma.

In this paper, we have two main goals. The first is to estimatethleoncentration of C®
in the Ms, whichmay provide insight into the unusual conditions responsible for the high
explosive energy of this eruption, as well asgtessures at whiché Fall Stratified magma was
derived. Tathis end, we perform rehomogeationexperiments to resorb the Mapourbubble
and estimate total G@oncentration. Secondly, this eruption bag of thehighest estimated
mass eruption ras§MER) of anymafic eruptionthat has been studiéor decompression rate
and the highest MER for any eruption of a picritic magnaee want to test whether this high

MER is mirrored in decompression rate. We apply our understanding from cBapbter
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diffusion in olivine from this same eruption to model diffusion profiles measurg8ativine
phenocrysts. These olivines are well suited to this line of inquiry since they arectaadree,
euhedraland many are free of melt and crystal inclusions.
4.2. Sampledescription

Tephra from the Etna Fall Stratified eruption contains large (up to 5 mm) and euhedral
olivine and clinopyroxene crystals, along with microcrystals e$ginel(Coltelli et al., 2005;
Kamenetsky et al., 2007; Gennaro et al., 2008t inclusions within olivines have a range of
shapes from 6rugby ball é to 6pancak digureand

4.1). When viewed down thie axis Mls are typically oval to spherical, while aloamgr c they

o

show more of a hexagonal shape. The 6ti ps
halo ofmicro fluid inclusions Figure4.1b). This texture has been described elsewhere and may
indicate partial decrepitatia@nderson JR, 1974; Portnyagin et al., 20@x}spinels are

common inclusions in olivine, and more than 70% of the studied MIs contain a tspjir@t
(Figure4.1, Supplementary data table). Clinopyroxene can also be seen as inclusions within
olivine (Figure4.1c) and were measured hiave high Mg # (~90) bitamenetsky et a(2007)

All melt inclusions contain &apourbubble accounting fori4.0 vol% of the melt inclusion
volume (Supplementary data table). The bubbles are typically coateelNty®aaring
carbonatesHigure4.1b andKkamenetsky et al., 200.7Many olivines contain clearly decrepitated
Mis, characterized by an abnormally larggourbubbleand patterns of fluid inclusions
radiating away from the Ml along a planar cra€ig(re4.1a). For our Ml study, we selected
euhedral olivines in which the crystallaghic directions can be determined and that contain

MIs which
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a) Cr spinel b) 4 Ca-Mg carbonates
/ " v Cr
| ! ‘ (’i?’spinel

. __Fluid / '.,
Decrepitated Ml fik ‘;1\ e, |
; Halo of ~~ - X
- fluid inclusions 100 um
(o) d)
Ol10 Ol5 0OI3 0Ol2 Ol1
Clinopyroxene
inclusion
100 um - 1cm

Figure 4.1: Photographs of ETFS Ml textures (a) Decrepitated Ml containing a Cr -
spinel with fluid inclusions radiating away from the Ml along a planar crack. Note the large
bubble size, which is a feature of these decrepitated Mls. (b) Typical Etha FS MI containing

tiny Cr -spinel and vapour bubble lined with Ca -Mg carbonates. Photo is looking down b.
The halo of tiny fluid inclusions  around the Ml is ubiquitous in this sample. (c) Inclusion of
melt and clinopyroxene within olivine. (d) capsule for IHPV experiments. Individual
olivines are separated by gently crimping around them in order to compare before and after
photos.

do not inclue any large crystal phases (apart from the tinggnel which are present in most

Misi Figure4l) and do not show signs of whHighareepi t at i ¢
present around all MIs Figure4.1). For modelling H diffusion profiles within the olivine, we

selected euhedral, oriented olivines which are incluiea Crystal orientation was determined

from morphology (in this sample, the long axis is alohgnd confirmed for 28 crystals with

EBSD.
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4.3. Methods
4.3.1. Pistoncylinder rehomogenzation experiments

We performed pistogylinder experiments at Lamont Doherty Earths@rvatory with the
help of Dave Walker (and following procedures generally outlined in Rasmussen, et al., 2020), in
order to dissolve C&from thevapourbubble back into the glass of the melt inclusions. These
experiments were ultimately unsuccessfullesmelt inclusions grew many tiny crystals and
bubbles during the experiments, becoming opaque and therefore imptsaitddéyseby
techniques that require wgdblished glass (SIMS) or a clear optical path (FTIR). We briefly
outline these experimentete as a reference for others attempting similar experiments.

Several (46) olivines were placed in a Pt capsule along with brucite and KBr. The brucite
serves to release water into the capsule once a critical temperature is exceeded. The KBr, which
is amolten brine during the experiment, provides a soft pressurizing medium to transfer
directional stress into homogeneous pressure on the olivines, and can be dissolved after the
experiments with water. The Pt capsule was placed within a ceramic jackat)(With MgO on
either side. This unit was placed inside a graphite heater within a pressure medium of BaCO
(different materials for pressure media were tiiegeTable $.1 and following discussion).
Experiments were run at a variety of temperatures (124W0°C) and 7 kbar foril2 hours.

After all experiments, melt inclusions appeared opaque, and polishing into them revealed tiny
‘ m-scale bubbles and crystalsdure 3l.1). One possibility is that thguench rate of the piston
cylinder is not fast enough to quench these mafic, hydrous, apdi€®Onelt inclusions. The
guench rate is primarily limited by heat dispersion through the pressure medium so we changed
the pressure medium to materials with lgthermal conductivity than BaGCor example,

MgO, Cak, and hBN. The problem that we encountered with these more conductive materials
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was that they drew too much power and often could not achieve the experimental temperature
(Table 81.1). In one instancehe Pb foil surrounding the pressure medium (as a lubricant)
melted and percolated through the MgO sleeve, shorting the thermocouple. Subsequent
experiments used #asgnlesssteel foil instead of Pb. Quench rates were measured for a pressure
medium of MgO using a data logger and found to be ~C1®9(comparable to published rates
from Gavrilenko et al., 2019Regardless of the pressure medium tried, the quench rate was
never fast enough, and so we turned to the interhaifted pressuressel (IHPV), which is
thought to have a much faster quench (eti@loway et al., 1992)Although difficult to measure,
conductive cooling models predict &zal hundred degrees of cooling per second. Moreover,
recent work byMironov et al.(2015)demonstrated the successful homogenization of primitive
melts from Kamchatka using an INRechnique.
4.3.2. IHPV rehomogenization experiments

Experiments were conducted by Barth and Mironov using a verticainted internally
heated pressure vessel (IHPV) at the Institute of Mineralogy, Leibniz University in Hannover.
The capsules were made fréthtubing with an internal diameter of 3 mm, wall thickness of 0.2
mm and length of 25 mni{gure4.1d). These were annealed for 20 minutes at®@5@uenched
in water and then cleaned in acetone in an ultrasonicator. One end was welded shut and
individual crystals were then loaded into ttag@sule, crimping the capsule around each crystal to
keep them separated from each otirégre4.1d). This was done in part to prevent the crystals
from breaking or faing together and also allowed for easier identification of each crystal
afterwards so that before and after photographs could be compared.

For wet experiments, denized water was pipetted into the base of the capsule. Welding the

top of the capsule led some volatilization and escape of the water but weighing the capsule
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proved that most of the water remained. For the first dry experiment, the capsule was welded
shut, however, after this experiment the sides of the capsule were stuck togetheliantdiff
open, and the olivines were all crushed. For the second dry experingeahds of the capsule
were crimped shut, not welded, and this yielded better results.

After loading, the capsules were weighed, heated at@ I6r two hours or more andeh
weighed again to check for leakages. For each experiment, two capsules were placed next to
each other in the sample holder. Experiments were carried out at ~ 4 kbar and temperatures of
1250, 1280, and 133 (table 1). After ten minutes at experimergmhperature, a high voltage
was supplied to the wire on which the samples hung, dropping the samples to the base of the
assembly where they quenched at > 30. An oxygen fugacity of QFM + 1 was imposed by
introducing a given amount*Hinto the assentp, but we suspect the experiments were too short
for this to equilibrate inside the capsule.

4.3.3. SIMS

Volatile abundances in rehomogegd melt inclusions were measured using the 1280HR at
CRPG in Nancy, France. Analyses were carried out by Yves MoussakhEstalle Ros#&oga
in July 2020. An indium mount was prepared with singhfished rehomogéred FS olivine
hosted melt inclusions. The mount was gotéited and left to outgas in the sample chamber
until the vacuum reached? x10° Torr.

A primary beanof Cs" was tuned to obtain a current ofid nAand an accelerating voltage
of 10 kV, andthe following ions were measured from the secondary b&am?!’O-, 60H-, 1%

, 2’Al-, 39St 325 and®*CI. The raster size was 10n during the presputter (240 s) and decreased

to 3' mduring the analyses (470 s).
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The calibration for C was noisy and deviates significantly from typical calibration curves for
the same instrument (Supplementary data table). To check the calibratioehom®geized
MI and two check standard glasses were removed from the indium mount, doubly polished, and
measured by FTIR. These values were then used as the calibration line (Supplementary data
table). We hope to remeasure several rehompgdMIis by SIMS in the coming year.

While the main purpose of checking the SIMS results with subsequent FTIR was to
determine a C calibration, the® concentration of the rehomogesd MI was 17% lower by
FTIR than by SIMS (3.47 vs 4.16 wt%). We have no reason tesuifat the SIMS (D
calibration was inferior, and so we do not have an explanation for this offset.
4.3.4. FTIR T glasses

H20 and CQ concentrations in olivinrdosted melt inclusions were measured on the Thermo
Nicolet iIN10 at LamonDoherty Earth Observatorfhe machine was purged with dry, €0
scrubbed air, and measurements were made on theAMd&Tector, cooled with liquid nitrogen.

Olivine-hosted melt inclusions were doubly polished and intersected to obtain wafers
with thicknesses of 2000° m. Wafers were submerged in acetone and rinsed with isopropanol to
remove crystal bond before being placed on a CaFl plate for measuremekiethiwas
measured using a digital micrometer accurate to witt#n m for all but a few wafers, which
were too small. Thickness was also measured using the reflectance (hthads and
Wysoczanski, 2007; Nishikida et al., 20E8)d good agreement was fouretween the two
methods for a refractive index of 1 Figure 3.2).
At least two measurements were made within each melt inclusion. The aperture was set

to the maximum size that would not clip the olivine host and varies from 64 tor8%7%ome of

the smaller Mis show large variation ir® and CQfor different measureents, which likely
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indicates that some points were contaminated with signal from the olivine host, despite effort to
avoid this. To minimize the effect of possible contamination, the measurement which yielded the
maximum value of D for each MI was used.

Absorption spectra were acquired in the raf@@ 8000 cm! with 256scans and a
resolution of 4&n1'. Baselines were fit to the spectra using principal component analysis on
~100 natural glasses from the Aleutians that lacked g&aks in their spectra (eew approach
developed by Henry Towbin and Sarah Shi, and using d&asmussen et al., 201& Markov
chain Monte Carlo approach is used to simultaneously solve for thétleseline and peak

shapes (position, height, width) for the 163013,5and 1430 crhpeaks Figure4.2).
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Figure 4.2: FTIR spectra showing absorption peaks at 3550 cm! (H20 total), 1630 cm?
(H20 molecular), and doublet at 1515 and 1430 cm (COs). Baseline underneath carbonate
doublet and molecular H 20 peaks (black) is generated by principal component analysis on
natural decarbonated basaltic glasses (see text for further de tails). Range of baselines tried in
the Markov chain Monte Carlo fitting procedure shown in grey. Fitting process solves for
peak shape (height, width, and position) simultaneously with baseline until the modelled
spectrum (purple MC3 Fit) matches the obse rved (blue FTIR spectrum).
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Theconcentratiorof H20 and CQ wascalculated from the absorbaaf thepeaks at
3550 cnt (OH- stretching vibration)1630cnT! (H20 bending), and doublet at 1515 B0
cnrt (COs? stretching), using the modified Bekambert law (Stolper, 1982):
00

6 ” ~
O_

in which 0 is the molecular weight (g/mol) of each volatile spgaeis the absorbance (i.e. the
height of the considered peal?), ” is the melt density (g/l), is the molar absorption
coefficient (Ilcm*mol),0is the optic path (i.e. the thickness of the sample, in cmpaadhe
concentration of volatile speci€wt.%).Glass densities were calculated freach M
composition following(Ochs and Lange, 1999)sing iterativeH20 beginning with Onvt.%. An
example spectrum is shownhigure4.2.

Total water is calculated from the broad, asymmetric peak at 355Qisimy a molar
absorption coefficient of 63 I/mm (Dixon et al., 1995)An absorption coefficient for the GO
doublet is calculated for each melt inclusion from its Na/(Na+Ca) molar ratio using the
expressionR T L oTZ0 P 0 ® 6 ® (Dixon and Pan, 1995For the 1630 crh
molecular HO peak, the absorption coefficient depends on the tetralwediah fraction (Si +
Al3*) and is calculated for each meltinclusiorras v @ p op o 3 E ! |
(Mandeville et al., 2002)

A few MIs show clear signs that the 3550 tpeak is saturatedrigure4.3). For these Mls,
the total water is calculated using the relationship between the 163Motacular HO peak
and the 3550 crhpeak Figure4.3). This assumption is valid as long as the MIs experienced a
similar cooling rate, which can affect the OH v&species preserved in the measured glasses
(Mclintoshet al., 2017) The fact that most of the melt inclusions with Abs < 1.8 simow a

linear trend supports this interpretation, although tb@ Ebncentrations for the corrected Mis
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Figure 4.3: Molecula r water calculated from 1630 cm-! peak versus total water
calculated from 3550 cm! peak. Marker size corresponds to absolute absorbance at the 3550
cm peak. Some Mis lie to the left of the trend and have high absorbances at 3550 cm 1 (red
markers). The se have saturated and are corrected back to the trend using their 1630 cm-!
concentration (shown by blue arrow). Blue line shows best fit for non  -saturated Mls (black
markers), equation for line shown on plot. Inset shows the saturated spectrum for one MI.

should be treated with caution. None of the corrected inclusions lead to higher@tal H
concentrations than uncorrected inclusions (maximum of 4.7 w{®9,lnd so saturation did
not significantly bias the population.
4.3.5. FTIR T olivine

H20 concentration profiles were measured in doubly polished olivine wafers on the Thermo
Nicolet iIN10 at LamonDoherty Earth Observatoryigure4.4). Wafer thicknesses we
measured with a digital micrometer and range from 170 td 2@ perture size was set to

30x80‘ m (thin in the direction of the profile) with step size between measurements of.30
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Figure 4.4: H20 concentration profile in olivine along the crystallographic  adirection
measured with FTIR. (a) Photograph of olivine wafer taken down b showing cantilever
mounting method on a glass slide with double -sided tape. (b) FTIR spectra with baseline

subtracted taken in the centre (dark blue) and edge (light blue) of the olivine. Absorption

peaks represent OH- bonds associated with different point defects. Bulk H *concentration
estimated by summing area under spectra from 3600 ¢ 3100 cmt. (c) Defect-specific profiles
along crystallographic adirection. Area is converted to H 20 concentration using the Withers
et al. (2012) calibration and multiplying by a correctio n factor to account for the light which
would be absorbed in the direction of the raypath. (d) Normal ized defect-specific profiles.

The stagevas focused on the midpoint between the top and bottom of the wafer (found as the
average height between focusimg the top and bottom surfaces).

Absorption spectra were acquired in the ra#g@8000 cm! with 128scans and a resolution
of 1 cntl. A baseline was determined by applying an asymmetric least squares smoothing
function (Eilers and Boelens, 200&hd this was subtracted from the spectra to determine
absorbance peak are&sgure4.4). Since we found no peapecific diffusivities Chapter3),

the totalarea under the baselusabtracted spectra was summed to determine bk Hhis
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area was multiplied by an absorption coefficient of 0.119 Wéithers et al(2012), which is
preferred over the calibration Bell et al.(2003 because of the presence of miarolusions
within the several olivines used in the Bell et al. (2003) study.

Measurements were unpolarized and therefore represent an average of the two
crystallographic directions within the wafer plane. Most wafers were polishedlalovith a
andc within the wafer plane), while a few were polished dawmhe latter show lower
absorbances in accordance with observations that light polarizedmieadpsorbed the least by
OH bonds in olivine (Chapte3). To account for absorption in theettion normal to the wafer
plane (which is not detected with FTIR), peak areas were divided by a correction factor
depending on the raypath (0.4355 and 0.2659 for wafers with plabg®b) andc (001)
respectively).

4.3.6. Electron microprobe

Major elements for melt inclusions and their host olivines were collected by electron
microprobe analysis (EMPA) at the Smithsonian Institution using a JEOL8B3AF
Hyperprobeby Daniel Rasmussen K U p e axKT&)2, Al®3, FeS,iMBO, MgO, CaO,
NaO, K20 and RO wereanalysedn melt inclusions using an accelerating voltage of 10kV,
beam current of 7nA,anddbe f ocused beam 21.0anthkQ wereahalysethe t er .
first to avoid the migration dfla and K away from thanalysedspot.We note that agreement in
measuredNaO and KO between our study arfdennaro et al2019)suggests minimal alkali
migration occurred. Two or threalytical points were collected on each nmedtusion and
care was taken so no points overlapped. Sulfur and chlorine in melt inclusoFenalysedn a
separatesession from major elements and wanalysedising an accelerating voltage of 10kV,

80nAand a defocused beam 10 svalentnatureaf sulfoeirt tleer . Du e
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basalticg | as s, a S KU wa v éww onheatedWissandpvwe rehomogace d o n
Mls and the peak position was found to be constant so this was used for all othEwMIs.
points were taken on each melt inclusion, taldage to avoid previouslgnalysedspots from
major element analysis when pogsié . KU p e &li0sFedMnO, C80,a6d MgOwere
analysedn olivines using an accelerating voltage of 15kV, beam current of 40nA, facdsed
beam(<lem di ameter).
4.3.7. Calculating Ml size

Melt inclusion size is an important parameter to constraiarigrstudy on melt inclusion
volatiles since it has a bearing on diffusive water loss as well as calculating the volume fraction
of thevapourbubble. As discussed in chap®ithe size is typically estimated from a (2D) photo
and an assumption about tHé@mension is made. Either th& 8imension is assumed to be the
shortest or the average of the two axes within the plane of the photograph. 3D tomography
methods are more accurate but are not feasible for most studies. The Etna FS melt inclusions
exhibit very clear faceting (negative stgl shape), and also a large range in aspect ratio.
Viewing the faceting from a photograph can provide clues about the depth dimension. This is
illustrated inFigure4.51 when viewed down the[001] axis, the length of the top surface of the
Mis (red lines inFigure4.5) negatively correlates with the depth of the Ml alongglairection
(green lines irFigure4.5). Since the length of this top surface can also be determined in
photographs down thHe[010] axis, this provides a means of estimgtint he O6dept hé of
from a photograph as long as it is taken dawithe relationship provided fRigure4.5 was thus
used to estimate MI depth for all MIs that weletographed dowh. There is generally good
agreement between the different methods of size, with a root mean squared error of 16%. The

| argest differences are for Opambhsamiklkshorterhaped
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Figure 4.5: Method for calculating MI depth based on faceting geometry.
were polished and photographed down both b and c. There is a negative correlation between
MI dimension along b (green) and short, to p surface (red). Ml sketches to left of photos show

the top (red) and mid (blue) dimensions can be seen in photographs taken down b (above)
and c (below). This relationship allows Ml dimension along b to be estimated from a
photograph taken down b (and only showing MI dimensions along aand c.)

Seven Mls

116



than alonga or ¢ (Figure4.5). Note that this method only works if the melt inclusion shows clear
faceting, which is not the sa for many samples. An evolution from irregular to vieteted

shapes during maturation has been documented for fluid incly8odsar, 2003and melt
inclusions(Pamukcu et al., 2015The strong degree of facetingthe FS melt inclusions

therefore indicates that enough time passed between MI entrapment and quench for full textural
maturation. The exact timescales that this implies are unknown since this effect has not yet been
calibrated for olivine and dependsangly on diffusivity (and hence temperature).

4.3.8. Diffusion modelling

In order to determine magma decompression rate fre@hddncentration profiles in olivine,
we have adapted the model presentedawcombe et al., 202@We use a 1D diffusion model
along the crystallographgedirection with a boundary condition set by the degassing magma.
The degassing boundary condition is modelled using Magni&hairso and Gualda, 2015)
which is best suited to the Etna FS magma with respect to composition and preigsuies (

A.3).

Since the profiles project to a range of concentrations at the crggilwe solve for the
bestfit final pressure, R as well as decompression rate. N@mo edge concentrations were
observed in the laboratory experiments at 1 atm. in a dry furnace (cBpatel were attributed
to reactionlimited diffusion with the rate of reactions affected by local defect arrangement. In
profiles generated during magma ascent, it is unclear whether theermedge concentration is
due to a hig final pressure (that is, pressure at the time of cooling through®elbisure
temperature), or reactidmmited diffusion, or a combination. Since a full coupled reaetion

diffusion model is beyond the scope of this work, we attribute all of #eddncentration at the
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crystal edge to#but it should be noted that the bésfinal pressures may be too high if the
edge concentration is controlled by reactions.

Several simplifying assumptions are made. Firstly, decompression rate is assumed to be
constant, even though in reality magma will accelerate towards the surface (ssadeo
decompression rate ldoyd et al., 2014)Thisbiases the modelled timescales to shorter
durations(Su andHuber, 2017; Barth et al., 2019)e also assume isothermal ascent, which has
been found for several explosive, mafic eruptifewcombe et al., 2020bfompared to the
uncertainty in the diffusion Arrhenius law (see following discussion), the effect of changing
temperature is minimal. Finally, we assume that the crystals were fully fdrefexk major
degassing of kD began, i.e., the radius of the olivine is fixed throughout the model. This
assumption is supported by the lack of significant zonation in the oliuiaé¢s $upplement for
chapter 3Coltelli et al., 200band restricted range in forsterite {897 Kamenetsky et al.,

2007; Gennaro et al., 201this study. If there was olivine growth durindehydration of the
host magma, this would make the timescales that we infer upper bounds.

The besffit decompression rates are affected by several sources of uncertainty, primarily the
H* diffusivity, the initial O concentration in the olivine, the p&on coefficient for HO
between melt and olivine, and analytical error. To evaluate how these different sources of error
combine to affect the modelled decompression rate, we MsmteCarlo approach, randomly
drawing input parameters from definedtdisutions. Since none of the profiles show a plateau in
H20 concentration along, they have lost their record of the initiad® concentration. We base
the initial concentration on the olivine used in the dehydration experiments (cBefoten this
same sample. This phenocryst was so large that water loss did not progress to its core and it

preserved a ¥D concentration plateau aloagCareful polarized measurenteralong each
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crystallographic direction yielded a concentration of 42 ppm using the calibratithadrs et
al., 2012(Chapter3). We draw the initiatoncentration of ED in the olivine from a gaussian
distribution with a mean of 42 ppm and standard deviation of 3 ppm.

For the initial concentration of 4@ in the magma, we calculate equilibriuraCH
concentration at the range of Ml saturation pressualkesilated from the homogenized Mis,
using MagmaSgiGhiorso and Gualda, 2015lhe partition coefficient, is then calculated as
the fraction of initial HO concentration in the olivine compared to the magma. As discussed in
chapter3, the H diffusivity during magmascent may decrease over time from near proton
polaron rates (measured at the start of experimeneinss et al., 2018d the rate measureat
the start of the dehydration experiments on Etna FS olivine. Therefore, we sample a log uniform
distribution of diffusivities between these two rates.
4.4. Results
4.4.1. IHPV rehomogenization experiments

After ten minutes of heating at 1250, 1288d 133C°C in the IHPV, the melt inclusions
exhibit a range of textures. All of the melt inclusions become daxdeuredafter heating
(Figure4.6), which may be duto melting of the olivine host, raising the’?f&e** of the melt
inclusions. Some are glassy and still contain a sivagb®urbubble, although comparing photos
taken before and after the experiment shows that the bubbles have shrunk and moved compared
to before the experimenfEiQure4.6a, b) Some Mls become very dark and speckled (With
scale bubbles or crystals) throughdeig(re4.6i, j), while others are glassy inside but have
speckled surfacesigure4.6¢-h). Some of this variability in texture depends on experimental
temperaturé after heating at 125%C all of the melt inclusions are glassy and retam@ou

bubble, while at 1330C all of the melt inclusions contairm-scale inclusions and most have
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1250 °C 1280 °C 1330 °C, wet 1330°C, dry

s S

BEFORE

50 um

AFTER

Figure 4.6: Before and after photographs of Mis at different experimental
temperatures and conditions. Therewasno €1 | OUT zwx1T O0UOwi OVUwUT T w, (wil EU
1330°C. (a) and (b) show before and after photos of MIs heated at 1250 °C under wet
conditions. Note the MI colour becomes darker, the faceting less distinct, the carbonate
linin g the bubble dissolves, and the bubble shrinks and moves. (¢) and (d) show before and
after photos for MI heated at 1280 °C under wet conditions. Bubble is fully dissolved and Ml
interior is glassy. (e) Photograph focused on bottom surface of Ml and zoomed in to show
tiny bubbles and/or crystals lining Ml wall. (f  -h) are same as (ee) but for 1330 °C. (i) and (j)
show transmitted and reflected photographs of Ml heated at 1330 °C under dry conditions.
MI becomes dark and speckles can be seen in reflected lig ht throughout interior of MI.

lost theirvapourbubble. However, not all of the variability is explained by temperétgtassy
Mls with vapourbubbles remaining and Mls with speckled edges are both present after the
experiment at 1280C. After 1330°C, the dark, speckled textures are more common in the dry
experiments compared to the wet oriesble4.1).

For further analysis, melt inclusions which had resorbed tlubiblle were prioritized no

Mis at 1250°C, and only two Mls at 128% (OI8, OI29) were chosdnthe rest were from
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Table 4.1: IHPV experimental conditions and outcomes. Wet capsules contained de -
ionized H20, dry capsules just contained loose olivines. Note that for experiment #4, grains
were not separated from each other in the capsule, and the total number of grains loaded and
recovered are unknown.

Exp. # | Temp | Capsulel Wet or | Grains Grains Characteristics
(O dry? recovered analysed
1 1250 |1 wet 5/5 0 Glassy, pale browrvapourbubble
persists (but shrunken and
carbonates dissolved)

2 dry 5/5 0 A N
2 1280 | 3 wet 6/6 2 Some as in Expl. Others have tir|
bubbles/Xtals lining edge. Some
have fully resorbegapourbubble
3 1330 |4 wet 9/10 3 All have speckles lining edge, mag
have resorbed bubble
4 1330 |5 wet unsure 13 Most MlIs have speckles lining Ml
edges. Most haveesorbed bubble
6 dry unsure 6 Most Mls very dark with speckles

distributed through Ml interior.
Most have resorbed bubble

experiments at 133W. Some 1330C MIs which were analysed contain one or more small
vapour bubbles and some were darkp@ted in the supplementary data table.
4.4.2. Major and minor elements

The chemical compositions of Etna FS MIs and their host olivines are reported in the
supplementary data table. These results agree well with thsssrenetsky et a(2007),
Corsaro and MétricfR016, andGennaro et al2019)(Figure4.7). One exception is that
Kamenetsky et al., 2008port significantly higher MgO concentrations, which is likely an
artefact of theipostentrapment crystallizatiolPEC) correction@anyushevsky et al., 2000
note they do not report their uncorrected, raw microprobe data, and they do not include details on
the PEC parametérorsaro and Métricf2016 do not report PE€orrected compositions so
their MgO concentrations are too loWe correct for PEC using the MIMIC code presented in
Rasmussen et dR020) assuming a partition coefficientp kcalculated as ~ 0.31 frofroplis,
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2005 The ratio of F&/Fer has a bearing on this calculation, and we use a value of 0.32 from the

microXANES measurements Bennaro et al2020.

Al203 wt%
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Figure 4.7: PEC-corrected major element composition of unheated Mls

from this study
al., 2019,

orange crosses; Kamenetsky et al., 2007, green plus). Whole rock (WR) from Kamenetsky et
al., 2007 (purple diamond) and Correale et al., 2014 (red square) and shows variable degrees
of crystal accumulation. Note that MiIs from Kamenetsky et al. 2 007 data were likely ove r-
corrected for PEC.
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These calculations suggest minor PE@ to 8%, with an average of 2% and several which
appear to have excess olivina possible sign of reheating. There is an extremely limited range
of host olivine forstete contents (90.B 91.2 %), which agrees with the findingskdmenetsky
et al.(2007) andGennaro et a2019. Figure4.7 shows that there is a limited range in all major
and minor elementsthere is no evidence for significant fractionation. These primitive melt
inclusions have entrapment temperatures of 1190°C, calculated from MIMiQusing
equation 4 oPutirka et al., 2007

One remarkable characteristic of the Etna FS Mls is their extremely kg Al
concentrations (9.8 11.5 wt%). Because of the pressdependence of ADs concentrations
during mantle meltingWalter, 1998) this suggests that the FS magma formed at great depths.
However, such low A3 concentrations would imply very deep peridotite melting pressures of
~ 4 GPa. The addition of C@o peridotite has a number of effects, one being to lower #@sAl
concentration in the melt at a given presgirasgupta et al.,@D7). A high CQ concentration
in the source is also supported by the high CaO concentrations of the MI$ (B216wt%) and
the whole rockgKamenetsky et al., 200.7)he implications of high CaO/ADs ratios is
discussed further in sectidnb5.2

The homogenized melt inclusions show evidence for significant melting of theedfiost,
as well as FéMg exchange (MgO concentrations up to 18.5 wt%). When they are corrected for
these processes using MIM{Rasmussen et al., 202y overlap with the compositions okth
unhomogenized MIsHigure4.8).

4.4.3. Volatiles
Unhomogeized MIs were measured by FTIR and show a scattered positive correlation

between HO and CQ with ranges of 2.4 4.7 wt% and 18162930 ppm, respectively{gure

123



4.9a). After the PEC correction, these values are lowered slightly by the effect of dilutioin to 2.3
4.7 wt% andlL780 2840 ppm.

Gennaro et al. (2019) find highee® and CQ thanKamenetsky et a{2007) or this
study. Most of their measements are by SIMS but a few were from FTIR measurements. Three
melt inclusions were measured with both techniques and give lower values for FTIR than SIMS.
One explanation for the offset ir@ is that their SIMS kD calibration is curved, which tends
to increase the measured@concentrations for ¥ concentrations above ~ 3 wt%. As
discussed in appendix 5 Gennarg2017), the CQ from their SIMS session may reflect
contamination due to imperfe@moval of a carbon coat after a microprobe session. Comparing
just the FTIR results of Gennaro et al. (2019) shows good agreement@ithnd CQ data

from Kamenetsky et a(2007) and this studyKigure4.9a).

0
11 @ 00
00
Q0
KX
° 10 A ()@
z
@ 0 . ¢ ¢ ) A
9 A ° .
® ® Unheated PEC-corrected
.. L Heated, uncorrected
81 o0 ® ¢ Heated, PEC corrected
O Heated, PEC & Fe-Mg corrected
¢ WR (Kamenetsky et al., 2007)
lIO 1I2 ll4 1I6 ll8
MgO wt%

Figure 4.8: Total FeO versus MgO for homogenized and unheated samples.
Uncorrected homogenized compositions lie to high MgO as a result of melting olivine host
during experiments. PEC correction leaves FeOT too high as a result of dif fusive Fe gain
during the experiments. When this is corrected for, the compositions are comparable to the
unheated Mls.
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Comparing HO concentrations with Ml size calculated from the MI faceting geometry
(Section4.3.7, Figure4.5) reveals no correlatioriF{gure4.9b). This method for calculating Ml
size is not available for all Mls (if they were not photographed dowh thes). If Ml size is
calculated by assuming that depth is equal to the minimum of the width and length there is a
weak positie correlation between MI size and® which could be indicating diffusive water
loss Figure4.9b). However, the correlation is weak €r0.16) and Gennaro et al., 2019 did not
find any correlation. Therefore, while it is possible that these MlIs underwent diffusive water
loss,thesystematics between MI size anegHconcentratiorsuggest that water loss was
minimal (Qin et al., 1992; Chen et al., 2013)

Homogerzed MIs show a range of C{&oncentrations from 4800 to 9500 pjpra clear
increase from the unhomogenized MFggyure4.9c) that is on average twold. Four of the
measured MIs have a single remainiagpourbubble and these Mis fall to the low end of the
range of carbon concentrations (open black cirélegjre4.9c). Nine homogenized Mls contain
multiple small bubbles at their edgdowever, this does not appear to affect theip CO
concentrations (purple vs. red circleggure4.9c). All of the homogenized MIs haven-scale
phases (crystals and or bubbles), primarily lining the MI wall, but in some cases distributed in
the interior of the MI. At pesent, we do not know what these phases are, and it is possible that
they contain some COwhich would make our measurements lower bounds on the total amount
of CO:i n t he MI s. Further more, the 6dhaloesd6 of
(Figure4.1) may indicate partial decrepitation, in which case the amount efrCiBe MIs at the
time of entrapment may have been higher still.

An unexpected result of the homogenization experimenigigshe HO of the

homogenized Mls is remarkably constant (4.2 wt.% with a standard deviation of 0.25 wt.% for
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Figure 4.9: Ml H20 t CO:z1{ size systematics (a) H20 versus CO2 measured by FTIR in
unheated M Is showing scattered positive trend. (b) H 20 versus MI diameter measured from
photographs in two ways. The first method is detailed in the text and uses MI faceting to

possible for MIs which were photographed down the
that MI depth is equal to the shortest MI dimension measured in the photograph (orange

squares). (c) H0 versus CO: for homogenized and unheated MIs. Dry experiments sh own
with orange diamonds. Experiments at 1280 °C shown with green squares (all others are at
1330°C). MIs with a single vapour bubble (open circles) plot to lower CO 2 concentrations.

However, Mls with multiple tiny bubbles (purple circles) do not have less CO

without (red circles). Examples of MIs with a single

bubbles can be seen in (d) and (e). MIMIC modelling of unheated M
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SIMS measurements shougher S concentrations th&MPA (10 40 %;Figure$4.4).
It is known that the Sk peak position for measuring S on tBBIPA can change position with

oxidation state (8 and $ have different peak position#/allace and Carmichael, 1994nd it

is possible that the peak was not correcéptredduring ourEMPA measurements. However,

since wavescans on both homogenized and unheated MIs were made and showed constant peak

position (sectiort.3.6 Figure 31.5), this seems unlikely.

In agreement with the results of Gennaro et al. (2019 Camsglaro and MétricH2016) we
find that S does not correlate with €@ H20, although it strongly coelates with Cl for both
the homogenized and unhomogenized NFigre4.10). This is surprising, since Cl and S might
not be expected to degas at such high pressu@@0 MPa)Spilliaert et al., 2006; Métrich and
Wallace, 2008; Lesne et al., 201Meither correlate with Ni or Fo of the host olivioe,any
indices of fractionation (e.g.#0). We are awaiting lasé€P-MS data to see if S or Cl correlate
with trace elements.
4.4.4. Diffusion modelling

All olivines appear zoned ind® concentration alongwith no central plateaus, indicating
that diffusion has reached thentreof each olivine. Central #D concentration ranges from 14
to 33 ppm (using the calibration frowlithers et al., 2012)Edge concentrations range from 6 to
25 ppm. There is no coreglon between centrald® concentration and olivine size, so the
variation in central concentration must be reflecting different init}@ Eoncentrations and/or
different decompression rates.

An example Monte Carlo model run can be sedfignre4.11. There is a positive

correlation between the diffusivity and decompression rate while other parameters exhibit weak

or no correlation with decompression rate. Thereferthin the parameter ranges studied here,
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the uncertainty in diffusivity accounts for the largest source of uncertainty Hfitoest

decompression rate.
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Figure 4.10: H20, CO2, and Cl versus S. S and Cl measured by EMPA, H20 and CO:
measured by FTIR for unheated Mls and SIMS for homogenized Mls. Note the strong
correlation between S and Cl in all three studies (Gennaro et al., 2019; Corsaro and Metrich,
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Figure 4.11: Example Monte Carlo run to constrain decompression rate and final
pressure by modelling 1D H *diffusion along crystallographic  adirection. (a) Synthetic FTIR
profile (with noise added) in black circles, model fits (red lines). Initial H 20 concentration
chosen from normal distribution with mean of 42 ppm and standard deviation of 3 ppm (see
text for details). (b) misfit versus deco mpression rate (no trend is observed). (c) Partition
coefficient, Kd, versus decompression rate. Kd is calculated as the ratio of initial H 20
concentration in olivine (shown in (a)) relative to magma, which is set by MagmaSat
solubility model and initial p  ressure, Pi. (d) Diffusivity versus decompression rate shows a
clear positive correlation ¢ most of the uncertainty in decompression rate comes from
uncertainty in diffusivity. Upper bound of diffusivity is set by fastest dehydrating rate
measured (Ferriss et al., 2018), Lower bound is set by initial dehydration rate measured in
Chapter 3 (see text for further details). Final (e) and initial (f) pressure versus decomp ression
rate show no relationship. Range of initial pressure set by range of pressures given by
MagmasSat for homogenized melt inclusion compositions.

The bestfit decompression rate for all 18 olivines is remarkably unifdfigure4.12). A
histogram of all besdfit decompression rates shows a lognormal distributentredat10°-3°
MPa/s with 95 % confidence bounds of°9and 16°” MPa/s. The average time of ascent is 30
minutes (calculated as the average initial pressure divided by the average decompression rate),

with 95 % confidence intervals of 10 to 87 minutes. Based on the different lithologies with depth
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Figure 4.12: (a) Histogram of best -fit decompression rates for all Monte Carlo runs.
Vertical lines show mean and 95 % confidence intervals. (b) Positive correlation between
diffusivity and best -fit decompression rate. Each olivine is shown in different  colour and
black lines are linear regression through each olivine. Within uncertainty all olivines have

same bestfit decompression rate.

beneath EtnéCorsaro and Pompilio, 2004)e iteratively solve for the initial magma depth and
average density of the overburden. Tdjiiges an average overburden density of 2714 kg
depth of 29.6 km for the highest initial pressure of 804 MPa, and average density and depth of
2640 kg/nt and 24 km for the shallowest initial pressure of 634 MPa.
4.5. Discussion
4.5.1. Reconstructed CQ concentations
45.1.1. Comparison of MIMIC and homogeationexperiments
Since the discovery of the importance of WAbourbubbles, several methods have been

developed to account for the €&tored within Mivapourbubbles. These techniques fall
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broadly into three catmries: (1) dissolving theapourbubble back into the MI with
rehomogeizationexperiments before measurement, (2) using an equation of state and measuring
or modelling the size of the bubble, and (3) measuring theilC@evapourbubble with Raman
spectroscopy. These methods are described and compared more fully el¢dobeeet al.,
2015; Moore et al., 2018; Rasmussen et al., 2020; Wallace et al., 2§02 tpmpare the results
of our rehomogeationexperiments with the modelling approachRafsmussen et §R020
using the publicallavailable MIMIC code. MIMIC does not assume that the obserapdur
bubble is in equilibrium with the melt inclusion, since some amount of bepknsion may
occur without CQdiffusing into the bubble. Instead, the model calculates bubble volume at the
point at which the closure temperature for20€crossed, using an equation of state approach,
and taking into account the deformation of thetlodisine. This model takes as input the
measured chemistry of the melt inclusions, as well as the melt inclusion and olivine sizes and an
estimate of cooling rate (we assume a cooling rate 8€4€) which is the recommended value
for lapilli-sized clagti Rasmussen et aR020.

There is close agreement between the range efcGrentrations predicted by the model for
the unheated MIs and measured by SIMS for the honweggkNlIs, giving a spread of 4280
8400 and 5490470 ppm, respectively-{gure4.9c). This suggests that minimal €@ stored
in the tiny phases lining the MI wall&igure4.6), which is being tested with Raman
measurements by collaboratofsie HO concentrations measured in the homogenized Mis are
not in agreement with those predicted by MIMi@e model does not currently account for any
H20 in thevapourbubble. As mentioned in sectidmi.3 the homogenization experiments

appear to have set the®ito a consistent value of ~ 4.2 wt%. Clearly there is soneepso
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occurring during the Xgninute homogenization experiments which alters th@ ebncentration,

and this is discussed further in sectibf.4.1

4.5.1.2. Pressure of magmstorage

One of the most common ways to estimate magma storage depth is by calculating saturation
pressures based on theHand CQ concentrations within melt inclusions. Therefore, restoring
the CQ concentrations in theapourbubbles has implicationsif the depths of magma storage.
There are a range of solubility models, which have been calibrated over different pressure,
temperature, and solubility space. Magmg&dttiorso and Gualda, 201&ppears to have the
best coverage near the Etna FS composition angdaraturesKigure 31.3). The models from
laconeMarziano et al., 201andAllison et al., 201%tre calibrated on Etna magma but because
the FS magma is so unusual for Etna it lies outside their compositional range. The model in
(Dixon, 1997)has a good compositional coverage but does not extend to pressures higher tha
500 MPa andaconeMarziano et al., 2018uggested the Dixon (1997) calibration range was
only reliable up to 100 MPa.

MagmaSat gives the highest saturation pressuresi (884 MPa, corresponding to the
range in CQconcentrations in homogenized Mls without remaining siagfeurbubbles),
laconeMarziano et al(2012 andAllison et al.(2019 give lower pressures (42349 and 466
697 MPa, respectively). As discussedhe end ofection4.4.4 the MagmaSat pressures
correspond to depths of 2430 km. These depths closely align with entrapment depths
determined from olivindosted C@-rich fluid inclusions of 2124 km of samples from Aci
Castello and Mt. Malett@Clocchiatti et al., 1992; Kamenetsépnd Clocchiatti, 1996)

The Moho beneath Sicily has steep topography, varying from ~ 40 km in the south to less

than 25 km depth towards the nofhticolich et al., 2000; Ibafiez et al., 201&here is some
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uncertainty in the Moho depth beneath Mt. Etna, with some studies placing it as shallow as 18
km (Nicolich et al., 2000; Giustiniani et al., 201&)d others arguing for a deeper Moho around
3071 35 km(Accaino et al., 2011yalenti et al., 2015)It is unclear, then, whether the melt
inclusions are reflecting entrapment depths in the lower crust or at the Moho, but regardless, they
must have been entrapped within the Ihita hol ogi
occupy the lower crugr within mantle peridotitéFigure4.13, Corsaro and Pompilio, 20p4
This is notable because it means that the high @®@centrations cannot have been the result of
assimilation of the carbonate crust, which is thought to exteddpths of ~ 10 kimRjgure
4.13). The rehomogared CO: concentrations (550®500 ppm) are well above the solubility of
CQ: at the pressures at which the crustal oadte is thought to exist (10800 MPai Figure
4.13). If the magma did assimilate this carbonate, it would become saturated an@@xsolve
this excess C@into bubbes. Any Mis that were subsequently entrapped should reflect the lower
equilibrium CQ concentrationdf the Mls were entrapped within the upper crustal limestone
unit, the rehomogemationexperiments would not be ableiterease the C£concentration b
the melt beyond equilibrium concentration at18@0 MPa (~ 1400 pprm MagmaSat closed
system degassing); they candagsolve CQfrom any ceentrapped C@rich vapourbubbles.
Therefore, the high C£xoncentrations in the rehomogesl MIs mustreflect high entrapment
pressures at near Moho depths.
45.1.3. Gas composition

Modelling the degassing process with MagmaSat allows us to predict@hartd CQ
fractions in thevapourphase from pressures of magma storage (~800 MPa) to the surface. Due
to the lawer solubility of CQ compared to ED during magma ascent, @83 exsolved first. This

causes the ratio of/CQ; in the gas to rise during ascehigure4.13 shows tle modelled
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Figure 4.13: Crustal section beneath Etna. Black lines show densities for different
lithologies (described on right) from Corsaro and Pompilio 2004. Histogram shows depth
distribution of EQs fr om 1st Jan 2020t 6" Feb 2021 from Gruppo Analisi Dati Sismici, 2021.
Catalogo dei terremoti della Sicilia Orientale - Calabria Meridionale (1999 -2021). INGV,
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studies have consistently revealed a high velocity body (Vp>6.5 km/s) ~2 -8 km b.s.l. which is
interpreted as a cumulate body (dashed outline ¢ Chiarabba et al., 2000; Aloisi et al., 2002;
Patane et al., 2006). Geodetic data has been used to estimate inflation (red dots) and deflation
(blue dots), which lie very close to the high velocity body (Aloisi et al., 2018). Most studies
place M oho between 30-35 km depth, although some, e.g. Nicolich et al., 2000 and
Giustiniani et al., 2018 place it much shallower at ~20 km (this range is shown by the dashed
arrow). Degassing paths to left modelled with MagmaSat for FS magma (black) and 2001
magma (blue). 2001 magma composition taken as average of MIs from Metrich et al. (2004),
with maximum H 20 (3.6 wt%) and CO2 (2600 ppm). Since CO:z concentrations were not
corrected for vapour bubble, dashed blue line shows degassing path if initial CO  zis scaled
by difference between homogenized and unhomogenized FS Mis (factor of 2.77, initial CO 2
of 7200 ppm). These degassing paths cross observed gas composition from Aiuppa et al., 2008
at ~12@ 180 MPa (red shaded region), which aligns closely with geodetic sour ces and high Vp
body.
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molar HO/CQC ratio versus pressure compared to the molar ratio of gases measured at the
Central Craters during a period of passive degassing in(200@pa et al., 2008)The modelled
gas composition is equal to the measured composition at depth$ pkms.s.l. One
interpretatiorof this depth is that it represents the depth of last equilibration between gas and
magmai at this depth, the magma stalled as an intrusion while the gases separated and rose to
the surface. This equilibration depth does mpgtesr to be particularly sensitive to magma
compositioni degassing paths for magma from the 2001 flank eruption cross the measured
H20/CQ; ratio at similar depths as the FS magma. It is interesting to note that this depth
corresponds to a consistently igea high velocity body, interpreted as cumulate piles, as well as
geodetic point sources for inflation and deflatiig(re4.13).
452. Evi dence for <car hblosouscee i n Etnads man
There are several unusual features of the chemistry of the Etha FS magma. Firstly, the melt
inclusions have extremely high CaO concentrations (15.6 wt%) and low AlO3
concentrations (911L1.5 wt%). This gives rise to unusually high Ca@@lratios (1.11.5),
which is a feature of both MIs and whole ro¢kggure4.14; Kamenetsky et al., 2007; Corsaro
and Métrich, 2016)Secondly, there is a good corteda between S and Cl in homogenized and
unhomogenized MIs, despite neither element correlating with any other volatile elements.
Finally, Kamenetsky et a(2007) found extreme variability in the trace elements (e.g. a factor of
3 variation in La and U).
High CaO melt inclusions, while rare in the magmatic record, are relatively common in high
forsterite olivines. This obseation ledSchiano et al(2000 to propose that the high CaO
concentrations are produced by melting of pyroxenites in the lower crust or upper mantle.

Danyushevsky et a(2004 argued that since a wide diversity of melt compositions are sampled
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Figure 4.14: Evidence for carbonate in FS magma source from major elements (a),
olivine compositions (b), and gas emissions (c). (a) shows whole rock and melt inclusions
(this study) of the FS magma is outside of the global arc array (from samples with Mg# > 60,
Turner and Langmuir, 2015) at low Na 20 and high CaO/Al 20s. (b) olivine compositio ns from
FS have low Ni, prohibiting a large role for pyroxenite in its source. Compositions for other
Italian magmas (green) from Zamboni et al., 2017. Also shown are the compositions for

peridotite and pyroxenite, as well as the expected trend for silicat

e and carbonate mantle

metasomatism from Ammannati et al., 2016. (¢) CO 2/St and isotopic composition of gases at
different arc volcanoes from Aiuppa et al., 2017. Aolian arc volcanoes are global end -
members, having both high CO 2/Sr and isotopically heavy C , indicating their derivation from
carbonate. Range of isotopic measurements for Etna from groundwater, fumaroles, and
volcanic plumes from 1970s to 2009 (Chiodini et al., 2010, and references therein).
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by inclusions within a single crystal, a more locatizrocess was responsible for the high CaO
concentrations. They proposed that the high CaO concentrations were not characteristic of the
primitive magma, but a feature of localized dissolution of clinopyroxene within mush piles in the
lower crust.

The inwlvement of mantle clinopyroxenes in the melting process responsible for generating
the Etna FS magma has been proposed previously on the basis of trace e@onsats.and
Métrich (2016)argue that the high Zr/Nb and low Ce/Y requires the melting ohamjroxene
bearing lithology. They model the melting of a mixture of 90% Hyblean peridotite mantle with
10% pyroxenite and show that this can account for some of the trace element signatures of the
Etna FS magma. However, Zr/Nb and Ce/Y are typically selgrcorrelated in arqdurner and
Langmuir, 2015)reflecting relative LREE enrichment and depletion, and do not generally
require a pyroxenitic source. In fact, the measured ratios in FS whole rocks overlap with
measured ratios for Hyblean pawtite xenolith(Correale et al., 2012; Correale et al., 2014)
Melting of a two component mantle (peridotite and pyroxenite) was also propoSatregle et
al. (20149 on the basis of the coupling of noble gases and trace element ratios. However, their
approach re¢d on assumptions about melting and crystallization based on major element
modelling which was not able to fit the FS compositions (see their Fig. 10).

On the other hand, experiments have shown that addition pfdd@®e mantle source can
generate higlcaO/AkOs ratios in the magma (up to 2.7), both by loweringOaland raising
CaO in the melfe.g.Green et al., 2004; Dasgupta et al., 200 h)s levelof CaGenrichment
and AbOs depletion can only be generated in volatike peridotite melting at pressures in
excess of 5 GPa(Walter, 1998)which is greater than typical arc melting pressures. The

comparison between melting experiments orp-B€aring peridotites and the Etna FS
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compositions is not perfectthe FS magma has a higher S&ncentration, and lower MgO
and NaO. HoweverDasgupta eal. (2007)point out that the effect of 2 on these melting
systematics is opposite to @@nd so a source rich in both £€&hd HO may have less extreme
SiOz and MgO. FurthermordJallik and Dasgupt&2013 have shown that the reaction of a
carbonateekbclogite melt with peridotite can significantly alter the melt composition, including
raising its SiQ and lowering its MgO. Thus, a Gdearing peridotitsource for the Fall
Stratified may be able to explain the major element observations of the FS magma.

Further evidence for the involvement of a£&@h fluid/melt in the source comes from the
olivine compositionsAmmannati et al(2016)argue tlat low-Ni, high-Mn, high-Ca olivines
from Central Italy reflect metasomatism in the mantle wedge by a carbuctateelt. LowNi
mantle melts that can crysiak low-Ni olivines require a high partition coefficient for Ni during
mantle melting, which sugests a high fraction of olivine in the source. A&©h
metasomatizing fluid in the mantle should consume orthopyroxene and agsttline,
thereby raising thedfor Ni. Following these same arguments, melting of pyroxenitic material
should produe highNi melts that crystailte high-Ni olivines, unlike those observed in the FS
samples. Thus, the involvement of pyroxenite in the mantle source is not supported by the Etna
FS olivines, which instead lie within the compositional space proposed fiugisoof C@-rich
metasomatism of peridotite, with low Ni and relatively high Eigre4.14b, supplementary
data table).

Finally, the gases emitted from Etnave a high C&Sr ratio and isotopically heavy C.
Depleted mantle has C of-6a to-7a , carbonate hgs C of Ga , and Etna lies between the
two at-4a to 04 (Figure4.14c, Allard et al., 1997; Matrtelli et al., 2008; Chiodini et al., 2011)

Given the abundance of limestone in the Hyblean sequence beneatRkigme4.13, Grasso,
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2001 It has been argasfeuxks mal laetdue Eotcarberiate askimilgtion C O
or decomposition by ascending magrteig.Marziano et al., 2008; Carter and Dasgupta, 2018)
While crustal assimilation is possible, even likely, it does not explain the elevated CO
concentrabns and CaO/ADs in the FS melt inclusions, since they must have been entrapped at
near Moho depths, far beneath the limestone sequence. Therefore, the heavy C isotopes indicate
the presence of carbonate in the mantle source region of the Etna FS niRegmasal support

for this view comes from isotopically heaw2 (. 7 a-1 t © @ isotopes measured in bulk

separates of high forsterite olivines from xenoliths of ultramafic cumulates at Stromboli volcano
(Gennaro et al., 2017These xenoliths are thought to have crytadl at depths below the

Moho and so the isotopically heavy carbon must derive from the mantle. The authors propose
that the melt inclusions reflect contamination of the mantlepigliCsediments from the

subducting slab.

In summary, the high C o f s §as enassions points to decarbonation or melting of
carbonate beneath Etna. The fact that these heavy C isotopes have been found-otennzedle
olivine-hosted melt inclusions beneath Stromboli, and that the primitive FS olivines have low Ni
concentrabns and contain Mls with extremely higtaO/AkOs suggests that this carbonate is
located at neaMoho depths.

4.5.3. Subduction signal in volatiles

Etna is situated away from the main Aeolian arc, and its location may be related to a tear in
the subducting slafiGvirtzman and Nur, 1999Yhis tear is thought to have been formed due to
slab rollback and a southeastern migration of the arc over(@marabba and Palano, 2017)

The southeastern and downwards movement of the slab createpiegsure zone in the mént

wedge, into which sublab African mantle can rise, through the slab tear window directly

139



beneath EtnéSchellart, 2010; Faccenna et al., 2011; Barréed ,2020) These conditions

likely explain the subduction signature (enrichment in laogelithophile (LILE), depletion in

high field strength elements (HFSE)) that has been documented for Etha magmas since ~100 ka
(Schiano et al., 2001; Tonarini et al., 2001; CorsabMatrich, 2016) Kamenetsky et al.

(2007) clearly documented such a slab signature (elevated LILE, Pb, and depleted HFSE) for the
Fall Stratified eruption, and with our new volatile data, we are in a position to assess the
relationship between the higlolatile concentrations in the FS melt inclusions and fluid/melt

from the subducting slab.

Using the maximum kD value from our Mls (~ 4.7 wt%) and the Ce concentration in the
whole rock fromCorreale et ak2014)gives a HO/Ce ratio of 750 clearly above typical
MORB values (100300;Dixon et al., 2002)suggesting that a significant portion of theOHn
this eruption was derived from the subducting slab. This is at the low end of the @&,cwhiup
is typical of hot subduction zonéshe HO/Ce thermometer froflank et al(2009)give slab
temperatures of ~ 95C. According tohhermal model¢Syracuse et al., 201,ahe lonian slab
should be one of the coldest in the world. However, as notédmboni et al., 2018hese
models are 2D and do not consider flow around slab edges/tears. Mantle flow through the slab
tear beneatktna would bring hot asthenosphere upwards, leading to locally high slab
temperatures.

Using the highest C&measurement from the homogenized Mis, and whmd& Nb from
Correale et al. (2014) gives a &Nb ratio of 540. While this value is not above MORB values
(2301 557), there are two obvious explanations for this. Firstly, high temperatures caizenobil
Nb from the subducting slab, which lowers theAMD ratio. Secondly, C&may have begun

degassing before melt inclusion entrapment, in which case cum@&surements provide a
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lower bound on the C£roncentration in the primary magma. Deep degassi@fois
supported by the presence of £@h fluid inclusions in high forsterite olivine from Mt. Maletto
and Aci CastelldClocchiatti et al., 1992; Kamenetsky and Clocchiatti, 1986jthermore
there appears to be spatial variability in thex@ID ratio, which may refleanantle
heterogeneity Hauri et al.(2017)demonstrate that samples from the Atlantic have 70% higher
CQO2/NDb (414) than samples from the Pacific (213).

The wide variability of S and Cl and strong correlation between tiaure4.10) is
surprising as neither volatile is expected to begin degassing at the pressures of MI entrapment
(Spilliaert et &, 2006; Métrich and Wallace, 2008; Lesne et al., 20Aijhe oxidizing
conditions of the FS magma (~NNO +Q@ennaro et al., 202@e concentration of S is not high
enough to saturate the magma in sulfilieyo, 2009)nor is the concentration 0®s high
enough for the magma to saturate in apatite at 119@itColi and Candela, 200Z)he trace
elements reported dgamenetsky et a(2007)also show strong variability, which was attributed
to varying degrees of input from a slab derived fliidmenetsky and Clocchia{tl996) found
that the trace element enrichment in primitive Etna MlIs occurred in concert with major element
depletion. For example, an increase in the Cr # of spinels from ~30 to ~80 (reflecting a more
depleted source) was correlated with an increase/ibLiom ~5 to ~25 (reflecting LREE
enrichment). This led them to argue for progressive metasomatism of the mantle from slab
fluids/melts causing greater degrees of mantle melting. We now examine the possibility that S
and ClI could also reflect varying amas of a Sand Clrich slab fluid.

Corsaro and Métricf2016)point out that the CI/kO ratio of FS melt inclusions is well

above typical mantle valuebigure4.15) which suggests that most of the Cl is derived from the
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Figure 4.15: Subduction signal in FS magma (a) Cl versus S of Mls from Etna FS (this
study), Mt . Spagnolo and recent eruptions (Gennaro et al., 2019). Only Mt. Spagnolo and FS
show positive correlation between S and CI (b) Cl versus K 20 of Mls from Etna FS (this
study) and Mt Spagnolo (Gennaro et al., 2019). Both samples have CI/K 20 well above mantle
values shown in grey (from MORB and OIB ¢ Lassiter et al., 2002). (c) Comparison of modern
eruptions with three primitive eruptions at Etna (Mt . Spagnolo + Gennaro et al., 2019, Mt
Maletto ¢+ Schiano et al., 2001, and Fall Stratified ¢ this stu dy). Modern eruptions have only
moderately higher CI/K 20 ratios compared with MORB, and individual eruptions do not
show a correlation between CaO/Al 203 versus CI/K 0. In contrast, all three primitive
eruptions have high CI/K 20 and CaO/Al 203, and Mt. Spagnolo and FS show positive
correlation between these ratios.

slab. These CI/KO ratios are higher than for present day Etna magmas, but similarly high values
have been found for other historical primitive eruptions at Etna: Mt. Spagndékb k&% and Mt.
Maletto (7 ka) Figure4.15). These primitive eruptions also share a high CagAatio, which

is significantly above that of preseday Etna magmas-igure4.15). Furthermore, Mt. Spagnolo
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and FS are the only two eruptions to show a correlation between the @a€¥atio and degree

of Cl enrichment (Mt. Maletto only has one datarph SO we cannot assess it). They are also the
only two eruptions to show a positive correlation in S and Cl. Therefore, we propose that the
high CaO/AtOs ratios and enrichment in Cl and S are reflecting a common process, likely a
variable input of a flid or melt from the subducting slab that is rich in CI, S, and. CO
Unfortunately, no studies have measured both S, Cl, and trace elements on the same Fall
Stratified Mls, and so this remains to be tested and is a goal of future work, when melt inclusions
in this study will beanalysedand destroyed) by laser ablation ICPMS.

Kamenetsky and Clocchia(tl996)found that the variability of trace elements in Mt.
Maletto Mls decreased for lower forsterite olivines, amdrpreted this as progressive magma
mixing during fractionation. A similar case has been made for melt inclusions from Iceland
(Maclennan et al., 2003t is worth pointing out however, that the distinction between the recent
Etna magmas (which have lower forsterite olivines than FS, Maletto and Spagnolo) cannot solely
be the consequence miixing, since the average of the FS melt inclusions is still significantly
enriched in trace elements, Cl, S and Cag&id4lcompared to the recent eruptions. Furthermore,
trace elements do not permit recent Etha magmas to derive from fractionatioregfringsve
magmas Corsaro and Métrigt2016) These primitive eruptions must have been fed by distinct
magmas.

To summaize, there is strong evidence from MI major elements, olivine compositions, and
gas emissions that the FS magma derive frugtting of a carbonatech source. Trace
elements, as well as S and Cl, show extreme variability and may be reflecting different amounts

of fluid from the subducting slab, leading to heterogeneous mantle melts.
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4.5.4. Magma decompression rate

45.4.1. Implications of deompression rate for MI #D concentrations

We apply our model from Chapt2tto estimate the likely amount of water loss of these
samples, using the decompression rasellts from the olivine D profiles. For melt inclusion
diameter and distance to the crystal rim, we calculate the mean and standard deviation of our
samples®9 14 and373 122‘ m,respectively). For diffusivity we draw from the same
distribution as fothe HO profile modelling. The distribution forks calculated from the
results of the kDO profile modelling (9.1 9e-4). The results shown iRigure4.16 reveal that
minimal water loss is expected for these sampkbe manvalue of water loss is 2%. This
result, combined with a lack of strong correlation between Ml size aBdcbncentration,
suggests that these samples have not experienced signifeiantioss.

If the MIs have not lost significant amounts of® another process must be responsible for
the variation in HO concentrations in the unheated Mls. There are two possibilities. The first,
most obvious interpretation, is that the variationaased by degassing during magma ascent.
This hypothesis is supported by the correlation betwe€hdtd CQ. However, as pointed out
by Gennaro et al2019, this requires extensive degassing accompanied by minimal
crystallization since the host olivines have an extremely limited rafigesterite contents.
Furthermore, significant degassing afdHwould not be expected at the pressures of Ml
entrapment (>600 MPa).

The HO concentrations of the homogenized Mis provide a clue for an alternative
interpretation. With only 10 minutes ofdteng, it is unlikely that the melt inclusions diffusively
lost or gained significant amounts of® during the experiments. This is supported by the lack

of clear offset in MI HO concentrations between the dry and wet experiments. Yet, the
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Figure 4.16: Monte Carlo simulations using parameterized model for Ml water loss
presented in Chapter 2. Samples are chosen at random from prior distributions for partition
coefficient (K o), H diffusivity along a (D), Ml radius, distance between MI and olivine edge

along a, and decompression rate (dP/dt). Distribution for decompression rate set by results of
H+ profile modelling. Ml and olivine geometry distribution are calculated from mean and
standard deviation of Mls in this study. Results show that minimal water loss is expected for
these Mis.

variability in H2O concentrations in the unheated MIs completely collapses in the homogenized
Mis (4.2 .25 wt%). This strongly suggests that the variability in the atdteM| HO
concentrations may be related to the formation o#pourbubblei perhaps HO is diffusing

into thevapourbubble along with C@ If this were the case, it is surprising that th®©H

concentrations in the homogenized Mls are not higherithtre unheated Mis, and this could
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suggest an issue with the SIMS/FTIR calibrations. However, the consistency efthe H
concentrations in the homogenized Mls is a robust observation that would not be expected to
change with a different calibration.
45.4.2. Compring decompression rate with other eruptions
As discussed in the introduction, the Fall Stratified eruption is amongst the largest (in terms
of plume height and mass eruption rate) of any picritic eruption, or even any basaltic
intermediate eruption for mich decompression rate has been estim@eadsidy et al., 2018)
The decompression rates that we find for EtnafeShe same as those estimated for the 1974
VEI 4 eruption of Fuego, 2037018 Plinian eruption of Ambae, and 1500 CE VEI 4 of
K e a n a kdadpite dts higher mass eruption rd&gure4.17, Lloyd et al.,2014; Ferguson et
al., 2016; Moussallametal.,2019) These decompression rates may
bounddé on decompression rate, with faster rat
conduit. It is worth noting that the uncertaimydiffusivity does allow for the Etna FS
decompression rate to be faster than Fuego, Ambads and n a Ik(ilé.khe distribution of best
fit decompression rates shownRigure4.17 does extend to faster rates). Until we better
understand the decrease in apparent diffusivity seen in dehydration experiments &hapter
there will remain a large uncertainty due to diffusivity.
The uniformity of decompression rates for different olivinégiire4.12) supports the
observation bjNewcombe et al2020a)that more explosive eruptions may have less variable
decompression rad¢han lower energy eruptions, for whiansteadiness in flow rate may be
more pronounced. Most decompression rate studies do not measure enough samples to determine
a range of decompression rates, but those that do (for example, Cerrd Begtio et al.

(2019, Seguani Newcombe et al2020a) show a wider range of decompression rates for
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Figure 4.17: Mass eruption rate versus decompression rate for range of eruptions. Etna
Fall Stratified (orange) is histogram of best -fit decompression rates for all olivines within
95% confidence interval (from Figure 4.12). Bar above histogram shows range of
decompression rates at a given diffusivity (horizontal span of lines in Figure 4.12b). dP/dt
from range of methods: Cerro Negro dP/dt from modelling MI water loss (Barth et al., 2019);
Seguam 1977, Kilauea Iki, Fuego 1974, and Kilauea Keanokakoi from H+ diffusion profiles in
olivine and embayments (Newcombe et al., 2020; Ferguson et al., 2016); Mt. St. Helens from
embayments (Humphreys et al ., 2008);Ambae 2017-2018 from embayments (green circles,
black bar) with effect of including pre -existing vapour phase shown by blue bar to right, and
from microlite number densities (grey bar to left) (Moussallam et al., 2019) . Mt. St. Helens
shown in op en symbol since it is a silicic eruption and may be governed by different
processes. Monte Carlo distributions shown for Cerro Negro, circles show median values.
Seguam and Fuego show individual best -fit decompression rates for each studied olivine
from N ewcombe et al., 2020 with error bars corresponding to + - 1 standard deviation of
M onte Carlo simulations. Kilauea Iki is based on one olivine and M onte Carlo standard
deviation is smaller than symbol size, value agrees with embayment modelling by Ferguson
et al., 2016 within error. Kilauea Keanokakoi is based on one embayment and error is smaller
than symbol size. MER estimates from total volume and eruption time or plume height via
direct observation or dispersal mapping (Seguam - volume mapping ¢ Terry Plank, pers.
comm.; Mt. St. Helens | plume height | Humphreys et al. (2008); Fuego| volume mapping
| Rose et al. (2008); Kilauea Iki | plume height | Richter et al. (1970); Kilauea Keanakakoi
| volume mapping; Cerro Negro | volume mapping | Hill et al. (199 8), Pioli et al. (2009);
Ambae ¢ plume height ¢ global volcanism bulletin reports maximum 12 km high plume).
Lines are solutions to simple conduit flow model with constant conduit radius.
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lower intensity eruptions. In the case of Cerro Negro, the widadpnedecompression rates
could be due to the method since there are more variables in the melt inclusion method than for
directly modelling HO diffusion profiles (e.g. Ml size) and these add uncertainty. However, the
decompression rates for Seguam anthEre both from KD profiles in olivine.

It is important to note that while the decompression rates that we estimate for the Fall
Stratified eruption are similar to those for the other VEI 4 eruptions (Féegloae,
K e a n a kthekF8 magma began its eruptive ascent at much greater depths. For example, most
of the crystals from the 2012018 eruption of Ambae record initial pressures 6f120 MPa,
equivalent to 0.63 km depthlMoussallam et al., 2019Dn the other hand, the Etha FS magma
must have ascended from the deep lower crust/mantle in a straightisitdiad stalled, the
magmawouldsow signs of mixing with more fractiona
plumbing system. Ascending continuously from Moho depths allowed the FS magma to retain its
COg-rich vapourphase, without which it would likely have been too dense to continue ascending
on account of the high density of picritic mag(@aderson, 1995)

As discussed in the introduction, the total pressinop and vesicularity during ascent is
thought to affect the expansion velocity of the magma, ansecpuently the eruptivagour (e.g.
Namiki and Manga, 2006Y herefore, the deep storage pressures for the Fall Stratified magma
and high volatile concentrations (particularly £@ayhave been responsible for its relatively
high explosive energy compared with other eruptions of similar decompression rates.
4.6. Conclusions

The subplinian Fall Stratified eruption of Etna was remarkable in terms of its primitive
composition and high volatleoncentr ati ons. Previous studies

concentration by n e gvhpewbulblasginthihseudyywel t i ncl usi o
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rehomogeized olivine-hosted MIs to resorb themapourbubbles and carbonate back into the
melt inclusionsSIMS and FTIR measurements show that these rehonzegevils contain
between 5500 and 9500 ppm & ©@orresponding to magma storage pressures 618884MPa.
These pressures overlap with seismologically estimated Moho depitss (2®) suggesting that
Mis were entrapped in the deep lower crust or at the Moho, and cannot have gainedheir CO
contents by dissolving the carbonate crust, which only extends to ~ 10 km depth.

There is, however, strong evidence from major elements, olivine compositions, apatisoto
measurements of C in gas emissions for the involvement of carbonate in the mantle source of
Etna. Further trace element data is needed to fully elucidate the relationship between-this CO
rich source, the enrichment in other volatiles (S, GQHard a subducting slab fluid/melt
which is responsible for a vast range in trace element compositions. However, present evidence
suggests that these sources are linked, implying that volatile and trace element enrichment is
caused by input of a slab fluid/méito the overlying mantle, thereby generating large melt
fractions (low NaO) with unusual major element compositions (high Cag4l

Other primitive Etha magmas (Mt. Spagnolo and Mt. Maletto) show similar geochemical
characteristics, implying thatése magmas may not be rare at Moho depths beneath Etna but
that their signature gets destroyed with mixing and fractionation in the plumbing system.
However, unlike the FS magma, Mt. Spagnolo and Mt. Maletto magmas both show a significant
range in geocheroal indicators of fractionation (e.g.2®, MgO), indicating that they either
mixed with more fractionated magma during ascent, or crizadlextensively themselves.

Either scenario implies slower ascent for these two magmas compared to the FS magma, whic

may have allowed the escape of their volatile phases and hence less explosive eruptions.
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Diffusion modelling of HO profiles reveals fast and relatively uniform decompression rates
of p m® & MPa/s which is at the upper end of other estimates for explosive basaltic
intermediate eruptions. The consistency of decompression rates for different olivines supports
the hypothesis bilewcombe et al2020a)that more explosive eruptions have less variable
decompression rate than lower energy eruptions, for which unsteadiness in flow rate may be
more pronounced. Uncertainty in decompression rate is dominated dxyaumty in H
diffusivity and a better understanding of the temporal evolution of diffusivity during dehydration

will vastly improve our constraints on magma decompression rate.
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Appendix A: Chapter 1 supplementary material

Supplementary material for Chapter 1 were published along with the paper in:

Barth, A., Newcombe, M., Plank, T., Gonnermann, H., Hajimirza, S., Soto, G.J., Saballos, A. and
Hauri, E., 2019. Magma decompression rate correlates with explosivity at basaltic voldanoes
Constraints from water diffusion in olivine. Journal of Volcanolagy Geothermal Research,

387, p.106664.

The supplementary material calsobe accesseas electronic supplementary material associated

with this thesis: Chl_supplementary_material.
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Appendix B: Chapter 2 supplementary material

Parameterization of 1D diffusion model results
We use a generalized logistic function to fit model results from the 1D diffusion model presented

in (Barth et al., 2019)

« _=.ﬂ'_|= Equation S2.1

Where! H' ¥ are free parameters adds given by:

o | 1= ™ <«

=|='L'rr

We find the besfit values forr FfFtusi ng Mat | abbspymhasésr ch

° Equation S2.2

scipy.optimize.fmin. See equivalent matlab and python scripts below:

Python script

import numpy as np
from scipy.optimize import  fmin
import matplotlib.pyplot as plt

grwdPE

##p5 = results from 1D diffusion model in Barth et al, 2019. Percent reequilibration f
or dP/dt 0.5 MPa/s, a/b =1, Kd = 0.001, Dol = 1.7e-
10 m2/s, a (size) ranging from 1 Z 100 umin logspace.

7. p5 = np.array([96.1763, 90.4939, 80.2819, 62.2821, 37.3285, 17.2592, 6.8656, 2.5530,
0.9184, 0.3199)]);

9. ##p05 = same as above but for dP/dt = 0.05 MPals

10.

11. p05 = np.array([99.9889, 99.5530, 97.0826, 92.2372, 83.4167, 67.6800, 43.6250, 21.3260,
8.7188, 3.2817]);

12.

13. size = np.logspace( -6,-4,10); #MI size in m

14.

15. Dol = 9.6e-6*np.exp( -
125000/(8.314*(1100+273.15))); #diffusivity of Hin Olivine (m2/s) from Barth et al., 2
019

16.

17.

18. xdata = np.concatenate((np.log1l0(size*np.sqrt(0.5/0.001/Dol)),np.log10(size*np.sqrt(0.0
5/0.001/Dol))));

19. ydata = np.concatenate((p5,p05));

20.
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21. X0 = np.random.rand(3)

22.
23. def fun(x):
24, A = x[0];
25. B = x[1];
26. C = x[2];
27.
28. min_ydata = 100./((1+A*np.exp(B*(xdata)))**C);
29.
30. sse = np.sum((ydata - min_ydata)**2);
31
32. return sse
33.
34. bestx = fmin(fun, x0)
35.
36. x = np.linspace( -.5,2.5,50);
37. y = 100./((1+bestx[0]*np.exp(bestx[1]*(x)))**bestx[2]);
38.
39. plt.plot(xdata,ydata, 'tx' , label = 'data’ ); #Plotting model results s p AAOARS
40. plt.plot(x,y, b -
', label = 'best fit logistic function' ) #Plotting best fit logistic function

41.

42. plt.legend()

43. plt.xlabel(  '$log_{10}a \sqrt{ \dfrac{b \cdot dP/dt{fa \cdot K d \cdot D}})$' )
44. pltylabel(  '% Reequilibration’ )

Matlab script

%p5 = results from 1D diffusion model in Barth et al., 2019. Percent
reequilibration for dP/dt 0.5 MPa/s, a/b =1, Kd = 0.001, Dol =1.7e - 10 m2/s,

a (size) ranging from 1 i 100 um in logspace.

p5=[ 96.1763 90.4939 80.2819 62.2821 37.3285 17.2592 6.8656

2.5530 0.9184 0.3199 l;

%p05 = same as above but for dP/dt = 0.05 MPal/s

p05 =[99.9889 99.5530 97.0826 92.2372 83.4167 67.6800 43.6250
21.3260 8.7188 3.2817 I;
size = logspace( -6, -4,10); %Ml sizeinm
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Dol =9.6¥10" - 6*exp( - 125000/(8.314*(1100+273.15))); diffusivity of H in

Olivine (m2/s) from Barth et al., 2019

xdata = [log10(si ze*sqrt(0.5/0.001/Dol)),log10(size*sqrt(0.05/0.001/Dol))];

ydata = [p5,p05];

fun = @(x)sseval(x,xdata,ydata);
x0 =rand(3,1);
options = optimset( '‘MaxFunEvals' ,1e5, 'Maxlter' ,1e5, 'TolFun' ,le -10);

bestx = fminsearch(fun,x0,options)

x = linspace( -.52550 )

y = 100./((1+bestx(1)*exp(bestx(2)*(x)))."bestx(3));

figure, plot(xdata,ydata, ‘X' ); hold on; %I otting model results (6dat a
plot(x,y, 'b -') %Plotting best fit logistic function

legend( ‘'data’ , ‘best fit logistic function' )

xlabel( '$log_{10}(a \'sgrt{ \frac{b \ cdot dP/dtHa \cdotK d \cdot

DIH$' |, 'Interpreter’ , 'latex' , 'FontSize' ,20)

ylabel(  '% Reequilibration’ )

%
function sse = sseval(x,xdata,ydata)
A =x(1);
B =x(2);

C= x@);

min_ydata = 100./((1+A*exp(B*(xdata))).”C);

sse = sum((ydata - min_ydata)."2);
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Figure S2.1: % Re-equilibration (water loss) versus x (defined above) for best fit
logistic function and data (from 1D diffusion model results)
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Python script for Monte Carlo simulations of melt inclusion water loss
Using the parameterization in equations S2.1 and S2.2, we can use Monte Carlo simulations to
explore propagation of uncertainties from differentpaeters to output of water loss or

decompression rate.

1. import numpyas np

2. import matplotlib.pyplot as plt

3. from decimal import Decimal

4. from scipy.optimize import  fsolve

5. #### Define meanand standard deviation of different parameters here

6. # Leave either dPdt_mean_sig ORWL_mean_sig empty, depending on which one you are solvi
ng for.

7.

8. kd_mean_sig = [0.001, 0.0002] #ol - melt H partition coefficient

9. DO0_mean_sig = [9.6e -6, 5e-

7] #preexponential  in arrhenius relationship for diffusi vity of Hin ol (m2/s)
10. Q_mean_sig = [125000, 1500] #activation energy for diffusivity of Hin ol (J/mol)
11. T_mean_sig = [1100, 20] #temperature  (0C)

12. a_mean_sig = [20e -6, 2e- 6] #MI radius (m)

13. b_mean_sig = [40e -6, 2e-6] #distance between MI and olivine edge along a (m)
14.

15. ##Choose one of these to solve for (leave empty):

16. dPdt_mean_sig = [-1.4,0.1] #[J# #magmadecompression rate (MPa/s)
17. WL_mean_sig = [] #[40,10]# #water loss %

18. params = np.array([])

19.

20. for i in range(10000):

21.

22. kd = np.random.normal(kd_mean_sig[0],kd_mean_sig[1])

23. DO = np.random.normal(DO_mean_sig[0],DO_mean_sig[1])

24, Q = np.random.normal(Q_mean_sig[0],Q_mean_sig[1])

25. T = np.random.normal(T_mean_sig[0],T_mean_sig[1])

26. D = DO*np.exp( - Q/(8.314*(T+273.15)))

27. a = np.random.normal(a_mean_sig[0],a_mean_sig[1])

28. b = np.random.normal(b_mean_sig[0],b_mea n_sig[1])

29.

30.

31. if not WL_mean_sig:

32. dPdt = 10**np.log(np.random.lognormal(dPdt_mean_sig[0],dPdt_mean_sig[1]))
338

34. x = np.log1l0(a*np.sqrt(b*dPdt/(a*kd*D)))

35.

36. WL = 100/((1+.011*np.exp(4.05*x))**1.36)

37.

38. elif not dPdt_mean_sig:

39. WL = np.random.normal(WL_mean_sig[0], WL_mean_sig[1])
40.

41. X = np.log(((100/WL)**(1/1.36) -1)/0.011)/4.05

42.

43. dPdt = (10**x/a)**2*a/b*kd*D

44,

45,

46. param = [kd,D,a,b,dPdt,WL]
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47.
48.
49.
50.
51.
52.
53.
54.
55.

56.
57.

58.
59.
60.

61.
62.
63.
64.

65.
66.
67.
68.

69.
70.
71.
72.

73.
74.
75.
76.

77.
78.
79.
80.
81.
82.

if np.size(params) < 1:
params=np.copy(param)

else :
params = np.vstack((params, param))

fig, axs = plt.subplots(3,2)

hO = axs[0,0].hist(params[:,0],bins=50)
axs[0,0].vlines([np.mean(params[:,0]),np.percentile(params[:,0],2.5),np.percentile(para
ms[:,0],97.5)],0,axs[0,0].get_ylim()[1])

axs[0,0].set_xlabel( 'Kd' )

axs[0,0].set_title( 'Kd = ' +str(np.mean(params[:,0]))+ '+' +str(np.mean(params[:,0])
np.percentile(pa  rams[:,0],2.5))+ ' - ' +str(np.percentile(params[:,0],97.5) -
np.mean(paramsy:,0])))

hl = axs[1,0].hist(np.log1l0(params[:,1]),bins=50)
axs[1,0].vlines([np.log10(np.mean(params[:,1])),np.log10(np.percentile(params|:,1],2.5)
),np.log10(np.percentile(params]: ,1],97.5))],0,axs[1,0].get_ylim()[1])
axs[1,0].set_xlabel( logl0o(D) (m2/s)' )

h2 = axs[2,0].hist(1e6*params[:,2],bins=50)
axs[2,0].vlines([1e6*np.mean(params[;,2]),1e6*np.percentile(params[:,2],2.5),1e6*np.per
centile(params|:,2],97.5)],0,axs[2,0].g et_ylim()[1])

axs[2,0].set_xlabel( ‘Ml size (um)' )

h3 = axs[0,1].hist(1e6*paramsl[:,3],bins=50)

axs[0,1].vlines([le6*np.mean(params|:, 3]),1e6*np.percentile(params|:,3],2.5),1e6*np.per
centile(paramsl:,3],97.5)],0,axs[0,1].get_ylim()[1])

axs[0,1].set_xlabel( ‘MI - olivine  edge dist along a (um)')

h4 = axs[1,1].hist(np.log1l0(params[:,4]),bins=50)

axs[1,1].vlines([np.log10(np.mean(para ms[:,4])),np.log10(np.percentile(params[:,4],2.5)
),np.log10(np.percentile(paramsl:,4],97.5))],0,axs[1,1].get_ylim()[1])

axs[1,1].set_xlabel( 'log10(dP/dt)(MPa/s)' )

h5 = axs[2,1].hist(params[:,5],bins=50)

axs[2,1].vlines([np.mean(params][:,5]),np.per centile(paramsl:,5],2.5),np.percentile(para
ms[:,5],97.5)],0,axs[2,1].get_ylim()[1])

axs[2,1].set_xlabel( ‘Water loss %)

fig.set_figheight(15)
fig.set_figwidth(15)
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Insensitivity of water loss to initial pressure deeper thamwater saturation

Melt inclusion water loss does not occur at depths greater than water saturation, and so diffusion
modellingis insensitive to ascent beneath this depth. Consider the case when a MI ascends from
400 MPa versus 240 MPERigure 2.1). Because water degassing only begins at ~240 MPa, if

the melt is watesaturated, the two MIs will contain roughly the same water concentration. If the
decompression rate is¢ same, Mls will lose the same amount of water since they spend the
same amount of time at depths shallower than water saturation. However, the total ascent time

will be longer for the melt inclusion that ascended from deeper.

Pi 400 MPa

O

P. = 240 MPa

ame s
o]

o

100 100

200 200

P MPa
P MPa

300 300

400 . 400L . .
0 | 2 3 4 VR —
MI H20 wt.% Exterior H20 wt.%

6

Figure S2.2: Melt inclusion H 20 concentration versus time (A) and pressure (B). Black
curves show model starting at 400 MPa (black star, H 20 = 4.84 wt.%), grey curves start at 240
MPa (grey star, H20 = 4.75wt.%). Both models are for the same decompression rate of 0.01
MPa/s, so the model with deeper Pi decompresses for longer duration. Final MIH 20 shown
by large and small circle (10 um and 1 um size respectively). (C) shows H 20 solubility versus
pressure (boundary condition) modelled by Solex. Stars show two different initial pressures.
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Fixed versus degassing boundary condition

The choice of fixed versus degassing boundary condition strongly affects the relationship
between MI water loss and Ml siZéidureS2.3). If there is no relationship between Ml size and
water loss, but the MI water concentration is not equal to either the parental magma or the

degassed groundmassindicates that a stalling event occurred (pale curvé&sgareS2.3).

dP/de = 0.05 MPa/s

degassing boundary

b
in

[5%]

T e e T e s

MI H20 (wt.%)

fixed boundary

condition at 2 wi%

—
r

05F

0 500 1000 1500 2000 2500 3000 3500 4000 170 1072 107

time (5) MI size m

Figure S2.3: Fixed versus degassing boundary condition. Left: melt inclusion H 20
concentration over time during ascent for different boundary conditions (shown by x marker
s) and three different MI sizes. Note that the smallest Ml path tracks the boundary condition
as it remains in equilibrium with the host magma. A fixed boundary co ndition at 2 wt.% H 20
(grey) gives the potential for melt inclusions to all  re-equilibrate to this H 2O concentration,
regardless of their size, if stalling time is long enough. By contrast, a degassing boundary
condition (black) will never allow meltinclu  sions of different sizes to re-equilibrate to the
same H20 concentration (other than the final, groundmass H 20 concentration). Right: Ml
H20 concentration versus size for different decompression rates. Note that decompression
rate for Left corresponds to m iddle curve on right (0.05 MPa/s), with corresponding Ml sizes
shown by circles.
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Insensitivity of model results to different degassing model boundary conditions
In theory, observations of water loss could constrain the type of degassing in the magma (ope
closed, excesgapou). However, in practice we find that it makes very little difference to the

resulting curves of water loss versus Ml size.
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Figure S2.4: % re-equilibration versus Ml size for differen  t degassing paths. dP/dt =
0.5 MPa/s, a/lb = 1, Kd = 0.001, D = 1.780 m2/s.
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Uncertainty in diffusivity

Ferriss et al., 2018 does not report uncertainty in activation erl@rggr preexponential term,
0O . We assume the same uncertaintpirasMackwell and Kohlstedt (1990)hat is, o Tt
kJ/mol. We propagate this to an uncertaintfirby using a chsquared regression.p,, in O

is found where.. is twice that at its minimum:

Figure S2.5: Method for calculating uncertainty in D o for diffusivity in Ferris et al.
(2018)

Barth et al., 2019 only have two data points to define their Arrhenius relationship and as such, it
is not appropriate to perform a edguared regression to determine uncertainty. To estimate
uncertainty inO and’O we calculate two Arrhenius relatisithat go through the minimum and
maximum extremes in their reported uncertainties on these two data points, as shown in their

figure 6 Figurel.6).
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