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Abstract

Exposed rhyolitic dykes at eroded volcanoes arguably provide in situ recbrds
conduit processes during rhyolitic eruptions, thus bridging the gap between surface
and s-surface processes. This studyolved micre to macrescale analysis of the
textures and water content within shallow (emplacement depths <500 m) rhyolitic
dykes at two Icelandic central volcanoes.

It is demonstrated thalyke propagatiorcommenced with the intrusion of gas
charged currents that were laden witlrticles, and that thelistribution of intruded
particlesand degree of magmatic overpressure reggiifor dyke propagatiowere
governed by the country rock permeability and strength, witkepisting fractures
playing a pivotal governing role. During this stage of dyke evolution significant
amounts of exsolved gas maave escapd. Furthermore, durindater magma
emplacementvithin the dyke interiors,particles that weréntruded and deposited
during the initial phaseere sometimepreserved athe dyke margins, forming dyke
marginal external tuffisite veins, whictvould have beercapable offacilitating
persistent outgassing during dyke growth.

It is further demonstrated that following initial dyke@ening, geochemically
homogenous dykeggrew via the incremental emplacemendf magma with
fluctuationsin the shallowdyke permeabilityoccuring via bubble collapseand this
is deemedo have beerritical in dictatingpressure within the deeper magma source
region and fragmentationOf further significance,t is also shown thatshear
deformationwas localised during magma emplacement, witicdlised vesiculation
occurring along emplacement boundary layers via viscous heating, which temporarily
promote&l magma ascent, but with later bubble collapse culminating in brittle failure

of bubblefree magmaafter shear zone migrationlowever, in soménstancesigh



strain rates during viscous bubble deformatiesulted inductile-brittle transitions,
with resultant slip triggering micrtensile failure of bubbly magmas the slipped
magmatic plug experienced decompressibhis tensile failure probably occured
distal to shear zones, where bubbigsere relatively isolated. riterlinking of the
micro-cracks formed extensive internal tuffisite vein networks, whidtted as
efficient outgassing pathways, given their access to significant quardftipse
exsolved volatiles.

The models presented in this thesis are relevant to the conduit processes that
take place during rhyolitic eruptions; insight is provided into how rhyolitic magma
ascends through the shallow (<500 m deep) crust and also omiothte nagma

deforms during its ascent airdo the processes that govern magmatic outgassing.
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Terminology

In this thesis tuffisite veins, dykes and conduite frequently referred to the
definitionsof theseterms are provided in this section

Tuffisite veinsarefractures in magma or country rock tlaat as pathways for
the transport ofparticles carried by a gas phas&he final preserved fracture is
proppedopen by clastic particleand is typically millimetres to centimetregide.
Magmahosted tuffisite veins areeferred to as internal tuffisite veinsnd are
generally filled by juvenile clasts, with lithic clastgherlacking or constituting a
minor proportion of the vedflli ng material In comparison, external tuffisite veins
may be housed wholly within the country rock or form the marginal layer of a dyke or
conduit and thus the contact between a dyke or conduit and the countryl hesle
tuffisite veinsalso contain juvete clastsanda high proportion of lithic clasts relative
to internal tuffisite veins.

The namediffisite veinderives from the fact thaheydominantly contain ash
sized volcanic particleandthey often haverein-like geometries, but more complex
irregular geometriegxist with individual veins varying in shape and thickness. In
addition, many tuffisite veins have branching forms, with connected branches having
different orientationsTuffisite veinsare assciated with rhyolitic (e.g.Heiken et al.,
1988; Stasiuk et al., 1996; Tuffen and Dingwell, 2005; this stadgiandesitic(Plall
et al., 20%) rocks, with proven exampldésom basaltic rocksurrentlylacking

It is necessary to distinguish betweaaagmaticshear zones and tuffisite veins
Hereamagmaticshear nne is defined as a damage zomkich can involve localised
cataclasiand magma failure, whereas tuffisite veins invdive transport of particles
through fracture by a supportingfluid (e.g, magmaticor hydrothermal fluid).

Tuffisite veins carsometimesevolve intomagmaticshear zonege.g, Tuffen et al.,

XXiil



2003; Tuffen and Dingwell, 2005Wwith shear deformatiorsometimesdestroyng
earlierformedsedimentary structurghatformed during the lifecycle of thetuffisite
vein (Tuffen and Dingwell, 2005)

Dykes are defined asheetlike igneausintrusions thatre discordant witlthe
orientation ofcountry rockbedding They differfrom tuffisite veins because they are
composed of intact lava antact lava andclastic zoneswith clastic zonesbeing
tuffisite veins ormagmaticshear zonesThe dykes that were studied for this research
are ~210 m wide with exposurelengths generally greater thaen meters Some
steeply dipping dykes change orientation along strike causing thieatty turn into
nearhorizontal sills i.e, they are conaalant with the orientation of country rock
bedding.

No conduits were studiefr this research, but they adescussed throughout
this thesis because thslare texturasimilaritieswith the studied dykes. Conduits are
defined agipe-like intrusiveigneous bodigsbut their upper parts mdiare outwards
giving them a funnelike shape They aregenerallywider than dykes(>10 m wide)
but similarly to dykes they can be texturally diverse, consistihgntact lava and
clastic zonesConduits typicly extend to depths of a few hundred meters, overlying
and connecting with dykes at depths greater than this. Traditionally, conduits have
been viewed as zones of wholescale magma fragmentation, but recent discoveries
demonstrate that fragmentation witlionduits may be more localised (e @astro et
al., 2012;Schipper et al., 2013) and similar to that with dykes (e.g., Tuffen et al.,

2003; Tuffen and Dingwell 2005).
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Chapter 1: Introduction

1.1. Rhyolitic volcanoes

Rhyolitic volcanoes have produced some of Hartlargest and most catasthip
eruptions with Yellowstonebeingperhapshe prime exampleMany other large and
cdastrophic eruptions havievolved rhyolite. or instancethe 1912rhyo-andesitic
eruption of Novarupt&atmaiin Alaskawasthe largest eruption of the ®@entury,
with the volume of subaerial pyroclastic deposits totallird) km® (Hildreth and
Fierstein, 2012 However, this eruption was relatively small when compared with the
predominantly rhyolitic eruptions from Taupo volcaran New £ a | a Nodtld s
Island;the ~1.8 ka Taupo eruptigiVilson and Walker, 1983Houghton et al., 2090
produced deposits with a volun¥d05 kn? (~35 knT DRE), and the ~26.5 ka Oruanui
eruption(Wilson, 2001 Wilson et al., 200B6produced deposits with a volunx.000
km® (~530 kn? DRE). The major hazards associated with such eruptiodside
pyroclastic density currents, block and ash flows, ash falls, lahars, and tsunamis, all of
which pog a threat to nearby communitiésdeed, the rhyodacitic eruption of Tae
around1400 BCmay have wiped out the Minoan civilisati@@ond and Sparks, 1976
Heiken and McCoy, 1984

The recent rhyolitic eruptions in Chilg=ig. 1.1), of Chaitén (20082009) and
Corddn Caulle (201:2012) caused thousands of people to be evacuated from their
homes,with crops destroyed, wat@ontaminatedand flightsdisrupted,whilst ash
deposition in rivers resulted in fids (Carn et al., 2009Lara, 2009. More broadly,
ash and volatileseleased during ertipnscanintf uence Eart hdés cl i mat
it is debated as whether or not dexeralcenturiesof climatecooling which followed

the predominantly rhyolitic eruptio(Ninkovich et al., 1978 of Toba volcano in



Indonesia~75,000 years agecaugda bottleneck in the human populatihmbrose,
2003 GathorneHardy and Harcow$mith, 2003. However, wlcanoesalso provide
benefits as volcanic ash is nutriefrich, and thus &ey ingredient of successful
agriculture they are also important fo the tourist industryand geothermalenergy

providesan environmentally friendly power source.

Figure 1.1. Photographs of the recent
rhyolitic eruptions in Chile (i) Chaitén,

photo by Hugh Tuffen (ii) Cordén Caulle.



1.2. Poorly understood rhyolitic dyke and conduit
processes

The loss of magmatic gas&®m rhyolitic magma (magmatic outgassingfrongly
influencesthe duration and style of eruptionsis thought that magma loses gas as it
ascends alwg volcanic conduits and dykes, witbffisite veins(Heiken et al., 1988
Stasiuk et al., 1996Tuffen et al., 2003Tuffen and Dingwell, 2005 Tuffen et al.,
2008 Castro et al., 2012tBerlo et al., 2013Schipper et al., 201 &astro et al., 2014
Cabrera et al., 20)5and permeable bubble networkJaylor et al., 1983
Eichelberger et al., 1988Nestrich and Eichelberger, 1998tasiuk et al., 1996
Okumura et al.,, 20Q9Schipper et al., 20)3considered important outgassing
pathways

The formation and evolution of internal tuffisite veins is reasonaieii
constrained (e.g.Tuffen et al. 2003; Tuffen et al. 2005), but thewutgassing
capability is poorly constrainedBy themselves, internal tuffisite veins may be
ineffective outgassing pathways becawseer diffusion in rhyolitic melts is relatively
sluggish(Yoshimura and Nakamura, 200&nd because the diffusive loss of water
into tuffisite veins is localised and transigi@astro et al., 2013b Therefore,the
outgassing ability of internal tuffisite veins mobably most effectivavhen they
intersect bubblefCastro et al., 2012ICastro et al., 20t4Cabrera et al., 20)5butit
is still unclearas tohow internal tuffisite veins and bubbleslate to one another
duringintrusive magmamplacementvithin dykes and conduits

Documented examples of external tuffisite veins exist,(dgken et al. 1988;
Stasiuk et al. 1996)ut the formation and evotion of these tuffisite veins remains
poorly constrainedFor instance, it isunclearhow the formation of these veins is
influenced by the nature of the country rock, or how their permeability evolves

through time.



The formation and evolution of tuffisite veins and permeableblenetworlks
are not just important to consider in terms of eruption duration and style, but also in
terms of shorterm eruption forecasting, as these outgassing pathways are probable
triggers for onduitoriginating low-frequency earthquakes which occur during
eruptions,often accompanying or precedingnt acivity (Miller et al., 1998 White et
al., 1998 Voight et al., 1999 More specifically, somevolcanic earthquakesnay
reflect migration ofmagmaticgas from bubbles into fracturé&il Cruz and Chouet,
1997 Waite et al., 2008 and the formation anlifecycle of internal tuffisite veins

(Tuffen et al., 2003Tuffen and Dingwell, 2006

1.3. Field studies of dykes and conduits

Previous studies ahyolitic dykes (Walker, 1969 Almond, 1971 Ekren and Byers,
1976 Tuffen etal., 2003 Tuffen and Dingwell, 2005Tuffen and Castro, 200&nd
conduits (Reedman et al.,, 1987%Stasiuk et al.,, 1996Kano et al., 1997 and a
rhyodaciticdyke and condui(Eichelberger et all986 Heiken et al1988)provided
insight into magmatic outgassinfsection 13.1.; Table 1.1) and welding gection
1.3.2.; Table 1.1), with evidencebuilt on textural analysi¢Walker, 1969 Almond,
1971, Reedman et al., 198Heiken et al., 198&ano et al., 1997Tuffen et al., 2003
Tuffen and Dingwell, 2005 or textural analysis and water measurements
(Eichelberger et al., 198&tasiuk et al., 1996Tuffen and Castro, 2009In addition,
studies ofcompositedykes (Guppy and Hawkes, 1925; Gibson and Walker, 1963;
Walker and Skelhorn, 1966) and conduits (Eichelberger et al., 1988; Eichelberger,

1989) provided insight into intrusive magma emplacenmssdtion 1.3.3.



Table 1.1. Summary of the previous field studies of rhvelitic and rhvo-dacitic dvkes and conduits.

name / conduit | erupted eruption date of composition | width emplacement | main contribution of study reference
location or dyke | material environment | activity depth
n/a / Oregon, | dykes pyroclastic | subaerial ~52 Ma | rhyolite not provided | <150 m identified source obubaerial | Walker
USA density deposits, provided insight intq (1969)
currents regional geology, proposed
that fragmenteddykefilling
material weldsduringlate
effusive phassof eruptions
Sabaloka dykes pyroclastic | subaerial ~160 Ma | rhyolite ~50:100 m <~1000 m identified source osubaerial | Almond
cauldron / density deposits, provided insight intq (1971)
Sudan currents regional geology, suggested
that fragmented dykéfilling
materialwelds viacountry
rock relaxation
n/a/ Nevada, | dyke pyroclastic | subaerial 25 Ma rhyolite 60460 m ~500 m identified source of deposits, | Ekren &
USA density provided insight into regional| Byers (1976)
currents geology
Obsidian Dome| conduit | pyroclastic | subaerial 600 yrs | rhyodacite ~50m ~400500 m suggested that permeable Eichelberger
/ California, and dyke | material, ago bubble networks and et al.(1986)
USA followed permeable wall rock permit
by dome lateral outgassing
Weolseong conduit | pyroclastic | subaerial ~100670 | rhyolite 400700 m possiby 200 | proposed that conduifilling Reedman et
vent / Republic density Ma 400 m materialwasdeposited via al. (1987)
of Korea currents agglutinationwith zones of
shear and welding migrtg
towards the conduit centre
with time
Obsidian Dome| conduit | pyroclastic | subaerial 600 yrs | rhyodacite | ~50 m ~300500 m provided insight into the Heiken et al.
/ California, and dyke | material, ago formation ofexternal tuffisite | (1988)
USA followed veins
by dome
n/a / Shiotani, | conduit | pyroclastic | subaqueous | ~15 Ma | rhyolite ~5001000 m | 2001500 m suggested that condudilling | Kano et al.




SW Japan material (water depth | material welds due to (1997)
above vent), | shedding back of hot erupted
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1.3.1. Outgassing pathways

Some pevious field stdies of dykes and conduitgovided insight into magmatic
outgassing; the contributions made by these stateesummarigein this section.
Eichelberger et al. (1936neasured the porosity and permeabitfya dome
and conduitusingborehole cores from Obsidian Dome in Califorraad foundthat
the dome porosity increases towards the vent, with permeability dramatically
increasing at a porosity of 8@l. %, and the conduit porosity to be ~20 vol. %.
Based on the hornblende stability fighe initial wder contentvas estimateds being
>3 wt. %.Thedissoled water contenvas also measured af@lind to be ~1 and 0.1
wt. % in the conduit and dommespectively. Considerinthe initial and dissolved
water content, the porositgnd the overburden pressuttee obsidian should be more
vesicular, considering closeystem degassing under equilibrium conditiombe
permeabilityincrease at a porosity of 8@l. % wasinferred as theritical porosity at
which the percolan threshold is exceededichelberger et alenvisagedthat
outgassing occurred during the last 500 m of ascent, with the permeable magmatic
foam losing gas laterally through permeable-f@tk tephra that lines the conduit
margins, folowed by extrusion of highly inflated and volatgoor magmathat
collapsel postextrusion
This permeable foam model was questiondde to the lack of textural
evidence for foam collapg&riedman, 198p but experiments later demonstrated that
bubbles may collapse and leave no tr@@estrich and Eichelberger, 1994 owever
textural evidence of bubblellapsein the formof microlite trainsexistsin subaerial
rhyolitic lava flows and welded pyroclastic depogfsy. 12.; Iddings, 1888; Ross
and Smith, 1961; Manley, 1995; Manley, 1996; Kano et al., 1997; Tuffen and Castro,

2008; Tuffen and Castro, 2009 addition collapsed bubbles subaerial rhyolitic



lava may bepreserved as pale domains extending from vesiéligs L2.ii; Owen et

al. 2012)

Figure 1.2. (i) Collapsed obsidian foam from Hrafntinnuhryggur. Krafla volcano, Iceland. From Tuffen and Castro
(2009). (ii) Collapsed bubbles (labelled BG) in obsidian from Blahnikur, Torfajokull volcano, Iceland, note how
some of the collapsed bubbles extend from the vesicles (labelled ves). From Owen et al. (2012).

A limitation of the permeable foam modak its failure to explain
heterogeneous vesicle distributsomithin obsidian flows(Fink et al., 1992 This
considered, Fink et atuggested that bubble collapse may precede extrusion, with the
magma being largely degassed and vedrele upon extrusion, but with pest
extrusion vesiculatio occurring via second boiling. In this framework, it is expected
that evidence of bubble collapse may exist within dykes and conduits.

Stasiuk et al. (1996conducted macroscopic analysis of the textures and water
conient within adissectedhyolitic conduit in Mule Creek, New Mexicdhis conduit
consistsof pyroclastic breccia next to the country rock, with the breccia being
inwardly bordered by an obsidian breccia, which becomes more viscously deformed
and welded invards,andsurroundssesiclefree,intact obsidianKig. 1.3.i). The intact
obsidian varies in thickness from 1 to 7 m (locally thickening into embayments), and
has a gradational contact with microcrystalline rhyolite, whHmms the conduit
centre.The conduitcontainsirregular vesiclesvith pinch-andswell formstowards its
margins whereas veicles near the condugentre are more spheric8tasiuk et al.

described interior vertical tuffisite veins within the microcrystalline rhyolite, saris



horizontal external tuffisite veinsThe external veins are truncated by the intact
obsidian and weave through tblesidianand pyroclastidreccia, andtheyintrude the
country rock Fig. 1.3.i and ii), with their position not having been influenced by-pre

existingcountry rock fractures

=20
E] le -~ >} — > vent centre

Tuffisite veins  |Vitrophyre Spherulitic zone  [Coarsely flow-banded Poorty flow-banded
in country rock breccia devitrified rhyolite rhyolite
B D F H
Pyroclastic  Vitrophyre Finely flow-banded Tuffisite veins
breccia devilrified rhyolite in rhyolite

Figure 1.3. (i) Sketch showing the main textural zones in
the Mule Creek vent. New Mexico. (ii) External tuffisite
vein (labelled v) in the Mule Creek vent, hammer 15 60
cm long. From Stasiuk et al. (1996).

Stasiuk et al.(1996) infer that the pyroclastic breccia formed during the
explosive phase ofhe eruption with the mode of depositionot described, but
presumably this material was deposited frpaticleladen gasurrents. In contrast,
the obsidian breccia is thought by the authors to have formed via autobrecciation of
lava duringa latereffusive phasef the eruption. Atheexternal veins weaviarough

the obsidian autobreccia anglyroclastic brecciaghey must have formed after the



breccia, and were thetruncated by magmihatlaterflowed along the condudentre
(Stasiuk et al., 1996The preeruptive water content dfie obsidiarspans ~2.8 wt.

% (determined frommelt inclusiony. Considering the initial water content, the
porosity of the rhyolite (~2@0 %), and the overburden pressusasiuk et al.
proposed that thehyolite should be more vesiculaconsidering closedystem
degassing under equilibrium conditiofifieytherebreinferred that water was able to
escape from the magma, ahat the vesicldree obsidian formed via bubble cise,
butno micraotextural evidace for collapse was presented. Indeed, no previous studies
have documented micitextural evidence in suppt of bubble collapse during magma
intrusion.

Stasiuk et al. (1996also proposedthat bubble networks are important
outgassing pathways but with bubble shear at conduit marginsenabling the
percolation threshold tbe exceeded at porosities of <<60-%ar lower than proposed
by Eichelberger et al., (1986[ichelberger et al. proposed thatsgascapes from
bubble networksdterally, through permeable fdlhck tepha at shallow depths (<500
m), with Stasiuk et al. sggesing that tuffisite veins create localised permeabiitd
that they aremportant in facilitating lateral and verticaltgassingrom depths A00
m. Indeed, after the study of Eichelberger et al., Heiken et al. (1988) described
external tuffisite veinsat Obsidian Domewhich existat deptts of ~306500 m
forming part of the feeder dyke and conduit addition, internal tuffisite veins occur
within shallowly (<50 m deep) dissected rhyolitic dyk&€sg( 14.), and these are
thought to have been importasiitgassingpahways(Tuffen et al., 2003Tuffen and
Dingwell, 2005. Based on the field studies of rhyolitic dykesd conduitsboth
bubble networks and tuffisite veirge deemed importawiutgassing pathwaysvith

internal and externaeins both being important.
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Figure 1.4. Internal tuffisite veins (v) in Thumall dyke at SE Raudfossafjoll, Iceland. From Tuffen et al. (2003)

1.3.2. Weld ed rhyolitic dykes

Previous field studies of dykes and conduits/e provided insight into dyke and
conduit welding; the contributions made by these studies summarised in this
section.

Welding (healing) involves sintering at contact points anc$ity reduction
through compactioSmith, 1960. Someealy studiesaddressingvelding of rhyolitic
dykesand conduitenvisaged that viscous deformatiand welding occurred in the
latter stage®f emplacementwith nearcontemporaneous welding of the whole dyke
or conduit(Walker, 1969 Almond, 1971 Wolff, 1986, Kano et al., 199y There is
disagreement as to whethasuntry rock relaxatiorfi.e., compression of the magma
via the lateral movement of the country rock bordering the intrusion as the pressure
within the intrusion decreaseglaysa minorrole in welding(Walker, 1969 or a more

dominant role (Almond, 1971 Wolff, 1986). Reedman et la (1987 envisaged
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welding as amore progressive process, with welding migrating towards the dyke
centrewith time. More recently Tuffen et al. (2003) and Tuffen and Dingwell (2005)
describe multiple generations of tuffisite veins shallowly (50 m deep) dissected

weldeddykes Fig. 15.), which are interpreted asvidence forlocalisedfracturing

and heahg of magmaduring ascent

i

Figure 1.5, (i) Welded rhyolitic dyke at SE

' Raudfossafjoll, Iceland. Obsidian margins (o)
surround a devitrified interior, which contains
vertical flow bands (arrow). From Tuffen et al.

. (2003). (ii) Microphotograph showing evidence of
repeated fracture and healing of magma, sample

% from dyke shown in (i), earlier generations of’
viscously deformed tuffisite veins (p3 and pde) are
truncated by a vein that formed later (p2). From

' Tuffen and Dingwell (2005).
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1.3.3. Composite dykes

Previous field studies ofompositionally zonedlykes and conduithave provided
insight intothe intrusive emplacement of magnthe contributions made by these
studies are summarised in this section.

The Streitishvarfdyke in Easten Icelandhasmafic margins and a more silicic
core, with silicic fingers enased within the mafic margins, thought to recardlti-
staged emplacement of maflmagma closely followed by emplacement of more
silicic magma(Fig. 1.6.; Guppy and Hawked925. Gibson and Walker (1963) and
Walker and Skelhorn (1966provided comprehensive desptions of composite

dykes which have mafic cores andhore silicic margins with the different

- e ———
i e ———
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Figure 1.6. Drawing of the Streitishvarf dvke, units

| A.C.Eand G are mafic, whereas units B, D and F
are silicie. The order of intrusion 15 interpreted as
being A and G (separately), followed by C and E, and
then B, D and F. Closely spaced dashed hnes indicate
chilled margins, the black shapes are mafic enclaves.
From Guppy and Hawkes { 1925). No scale provided,
but the dyke is 15-25 m wide

compositional zones beingeaty symmetrical about the dykeentres Theseauthors
proposd thatemplacementf mafic magmavasclosely followedby emplacement of
silicic magmain the dyke centres presennhg evidence forlittle delay between

emplacement eventicluding fluidal mafic enclavesn the silicic lava(Fig. 1.7.i),
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fluidal contacts between the two lava typ&gy( 1.7.ii), andthe general absence of
chilled margins on the silicic lava, @ where the mafic lava is absehiterestingly,
Walker and Skelhorn (196@)rtherinferredthat in most instances thdigc magma
wasless viscous than the mafic magnaadthey propose that the water content or
temperature of the silicic magma wagh, accounting fowhy its viscositywaslower
than expected.This may further indicate that there was littteelay between
emplacement eventsecause the silicic magma may have been heated by the mafic
magma.Some of the dykedescribed by Walker and Skelhofh966) are thought to
have grown via three stages of eag@ment with the sequence of intsion being
mafic-silicic-mafic (Fig. 1.7.iii); again each side of thiyke is a neamirror image of
the otherwith intrusive events focused in the dyke centfidse studies of composite
dykes demonstrate that they danm via multistagedemplacementwith negligible

cooling occurringpetween emipcement events

Figure 1.7, Sketches of textures within composite dykes (see main text for description), stippled, white and grey
represent mafic lava, silicic lava and country rock respectively. Redrawn from Walker and Skelhorn (1966).

1.4. Explosivity of rhyolitic eruptions

The explosivity of rhyolitic volcanoes is controlled by bubble growth and the loss of

magmaticwater via pemeable pathwas/(Gonnermann and Manga, 2Q0Tn this
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section, previous studies that have investigated how the loss of magmatic water
influences eruption style are summarised, together with a variety of miidels

consider how magmatic water is lost during eruptions

1.4.1. Influence of magmatic water loss : insight from
water and hydrogen isotope measurements

Eichelberger and Westrich (198ineasured the water content in explosive and
effusive material (i.e.pyroclasts and dome samplesspectively) produced during
single rhyolitic eruptionsand thatwere thought to have undergone explosiiae
effusive transitionsThe explosive material was found to contain more water than the
effusive material, it wagherefore postulated that the ansitions resulted from
stratification of the dissolved water contewith watefrich magma sitng above
waterpoor magma, and witdeeper magma beingruped throughtime. However,
shortly after this studyit became appareniat explosive and effusive material from
individual rhyolitic eruptions can have tleame preeruptive water contentwith
different eruption styles represerg different degrees ofwater loss rather than
volatile stratification (Taylor et al.,, 1988 Taylor et al. measurethydrogen to
deuterium ratie (D/H) andtotal dissolvedwater comentrationgH,0,) in the eruptive
products from rhyolitic volcanoeshich werethought to have undergone explosive to
effusive transitionsDeuterium entexthe gas phase more readily than hydrogen, wate
exsolution wil thusreduceD/H (Taylor et al., 1983).Taylor et al.presentedwo end
member degassing models, naltiee closedand opersystem degassing modgis a
closedsystem exsolved magmatic gases do not escape from the system, whereas in an
opensystemthey doescape Assuming equilibrium conditions a clossgstem will
produce a subtle decrease in Dé&$ the water content of the melt decreases ése.
bubbles grow during ascent). In contrast, the epetemmodel assumesontinued
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escape of exsolved watgmodudng a nore substantial decrease in D/Faylor et al.
found H,O; and D/H to be higher in the explosive material, tela to the effusive
materia] which was best described by opeystem degassingt was therefore
proposedhat bubble coalescence occurdatting ascentcreating permeable bubble
networks, from which water escaped and that following gas loss thieubbles
collapsed.

Newman et al. (1988refined thework of Taylor et al.by recognising that
isotopicfractionationof magmatic wateis speciatiordepenént, andthat thismust be
considered when modelling degassing. Newman et al. measured the concentration of
dissolved CQ@ molecular HO, and HO in theform of hydroxl groups, as well as
D/H, in nearvesiclefree obsidian from the ~1340 A.Bruption ofthe Mono Craters
in California. This eruption is thought to have progressed from a Plpfiase to a
dome growth phase. Ad,0; and D/H decreasehroughout the eruptive sequence
Newman et alproposed that the explosiy@asecould have consisted of apeor
closedsystem behaviour, withthe effusive phasecharacterised byopenrsystem
behaviour(Fig. 1.8.i and ii). However the explosive material haslatively high CG-
H,O; ratios, which is indicative of closexi/stem behaviour, 80O, is lesssoluble
than HO at any given depth (i,epressure)and soopensystem degssing should
have resulted inlower CGQ/H,0O; (Fig. 18.ii). To explain the HO; decrease
throughout the exploge phaseNewman et al.suggested that the fragmentation
surface migrated upwards with time, with quenched fragments scavenged from the
conduit walls, and that the,B; content recorddepth (i.e.pressurejn the conduit

Rust et al. (2004challenged the Newman et al. moddier modelling C@
H,O degassing systematiasing the Newman et al. data, together with furthgdH

and CQ measurements, and mietextural analyses of Mono Crater sampkdsing
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that the closedystem model

corcentrations in the parent melibstead,

requires unreasonably high (>1 wt.

Rust et al. proposttiat autobrecciation at

the conduitmarginsformed permeable zones, enablopensystemdegassingndthe

influx of deepsourced C@rich vapour. The Rust et al. model depicts a switch from

opensystem degassingwith CO,-buffering (explosive phase), to opetystem

degassing (effusive phasexplainingthe

decrease iD/H and HO; throughoutthe

eruptionsequence, anelatively high CQ/H,0O; of the explosive phase.
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Prior to thestudy of Rust et alTaylor et al. (1991lmeaured D/H and kD; in
samples fronthe ~600 year B.P. explosiveffusive Obsidian Domeeruption with
samples includingpyroclasts,dome lava, and borehole cores from thanexposed
conduit The D/HH0; trendswere besfit by a degassing modehtermediateo the
closed and opersystem models, namely the mistep degassing model. The multi
step model involvemultiple opensystem phasehatare interspersed with periods of
gas retention in a closesystem

Recently,Castro et al. (20)4measured bD; and D/Hin a suite of texturally
diverserhyolitic samplesrom the 2008 rhyolitic eruption of ChaiténThe D/H-H,O
relations weresimilarly bestfit by a multistep degassing modé¢Fig. 19.), and
comparison oH,0O; and D/Hbetween clasts housed in tuffisite veins and their host
obsidianindicatea variety of degassing historie$gble 1.2), addingto the broader
picture of multistep degassing. Castro et al. (2812014) infer tlat degassing is
most efficientwhen tuffisite veinsntersect exsolved batched volatiles, i.e, pre-

existingbubblesn magma
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Figure 1.9, DvH vs. Hy O, for samples from Chaitén, with modelled degassing curves for a pre-eruptive water
content of 4 wt. %. Reproduced from Castro et al. (2014).
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Table 1.2. Findings and interpretations summarised from Castro et al. (2014) regarding H20¢ and D/H

measurements mace in clasis within ffisite veins from Chaitén and ther host obsidian. Pressure estimates
assume equilibrium conditions {Newman and Lowenstern 2002).
findings interpretations

GRS IS VE el transient pressure drop of ~3 MPa during vein opening
depleted in HG, relative to host

clasts in tuffisite vein are overpressure in vein due to blockage
enriched in HG, relative to host clasts transported upwards in vein from apdle of ~500 m

clasts in tuffisite vein have consistent withclosedsystem degassing modelasts had similar

similar HG, and D/Hto host degassing history to host

clasts in tuffisite vein are transient pressure drop in vein enabled water loss from clast
depleted in HO relative © host | buffered by influx of a Bich vapour (sourced from less degass
and have higher D/lthan host deeper magma batch, or from hydrous host magma)

1.4.2. Influence of magmatic water loss: insight from
observations of eruptions

Conceptual models of rhyolitic eruptiotisat arebased on ancient deposits involve
discrete explosive and effusive phastrsyen by water retention and loss respectively
(Taylor et al., 1983Eichelberger et al., 198®&ewman et al., 1988obson et al.,
1989 Taylor et al., 1991Rust et al., 2004 However,recentobservations of rhyolitic
eruptions demonstrate thdlhe outgassing process needed to create \watar,
effusive lava is itselfexplosive leading tosimultaneous explosivand effusive
activity (Lara, 2009; Carn et al., 200€astro et al., 2012b; Castro et al., 2013;
Schipper et al., 2013; Castro et aD14;Fig. 1.10.).

The Chaitén(Castro and Dingwell, 2009.ara, 2009 Carn et al., 2009and
CorddénCaulleeruptiong(Schipper et al., 20)doth commenced witRlinianactivity,
followed by hybrid behaviourjava effusion coupled withthe explosive ejection of
pyroclasts.Based on observations of the Cordon Caulle eruption, and the textures,
water content, porosity and permeability of pyroclaSishipper etal. (2013 link
discrete types of vent activity to different conduit processeg. (1.11.i). These
authors suggested that gas venting was fed by permeable bubble networks, which

formedvia sheafinduced bubble coalescenaith network porosity reaching 3@I.

19



% at adepth of 32 km (Fig. 1.1L.ii), which is now thought to be the critical porosity
required to exceed thgercolation thresholdSaar and Manga, 1998lower, 2001

Okumura et al., 2009Schipper et aklso inferrel that pulsatory jetof particles and

Figure 1.10. Simultaneous explosive and effusive eruption behaviour during the rhyolitic eruptions of Chaitén (i)
and Cordon Caulle (ii). The lava in (i) i1s the red material on the left and in (ii) the lava is the black matenal in the
foreground and black landscape in the background. The lava in (i) is ~300 m long, (i) Photo by Jeffrey Marso.
USGS. (ii) Photo by Alejandro Sotomayer. Both images are from Castro et al. (2014).
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Figure 1.11. (i) Schematic cross section through the Cordén Caulle vent and shallow conduit, during hybrid explosive-
effusive behaviour. (ii) Estimated depth at which permeable bubble networks reached a porosity of 30 vol. % and
exceeded the percolation threshold, during ascent of the Corddn Caulle magma, see Schipper et al., (2013) for further
details. Both images are from Schipper et al.. (2013).

gas the surface expression of tuffiskeing occurred when bubbles networks could
not keep pace with volatile exsolutiomith brittle failure resulting fromshear
localisation and increasan the strainrate. Lastly, Schipper et apropod that
Vulcanian explosioneccurred when neither theffisite veinsnor bubble networks
could keep pce withthe supply of volatiles from deeper in the condiiatuses
betweenparticlegas venting from indidual sib-vents spanned secondsrnonutes
providingan approximation for the reactivation time of individual tuffisite veins.
Based on the low water content (025 wt. %) of the pyroclasts, and the
solubility-pressure relationship of wat@dewman and Lowenstern, 200&chipper et
al. (2013) proposed that brittle failure was confined to depths-@01f. The authors
further proposed that the lava cap @dya key role in restrictingipperconduit
permeability enabling gas nessure to build, with influxes of volatitch magma

from depth also contriliing to pressusation The Cordon Caulleeruption further
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highlights the instrumentalrole played by bubble networks and tutisiveins inthe

loss of magmatic watemd eruption behaviour of rhyolitic volcanoes.

1.4.3. Influence of the ascent rate and estimates of
ascent rates

The relationship between magma ascent rate and explosivity is not tiinen
magma ascens slowly there may be sufficientime for bubble growth and
coalescace with resultantpermeable bubble networkermiting outgassingmaking
explosive behaviour less likeffsonnermann and Manga, 200Th contrasthigher
ascent ratesnay favour explosive behavioutue toinsufficient time forsignificant
outgassing via bubble network®suling in greatergas ovepressure within bubbles
and magma fragmentatio(Gonnermann and Manga, 2Q0However, higher ascent
rates will favour brittle failurdbecause strain rates will be hig@oto, 1999, with
resultantinternaltuffisite veinspermittingoutgassingStasiuk et al., 1996Tuffen et
al., 2003 Tuffen and Dingwell, 2005Schipper et al., 2033and potentially relieving
overpressuréGonnermann and Manga, 2003

The ascent rate of magma may be assessied the thicknesss of microlite
overgrowth rims(e.g, Castro and Dingwell, 2009)r by comparingthe number
density and size of microlites produced during decesgion experiments with
natural pyroclast texturege.g. Castro and Gardner, 2008n addition, a relative
ascent rate may be established for deposits produced during a single eruption by
determiningmicrolite number densities, akecompression experiments on rhyolitic
(Martel and Schmidt, 20Q03Martel, 2012 and rhyalacitic melts (Brugger and
Hammer, 201phave demonstrated a positive correlatimmtween microlite number

density and decompression rate.
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Becauseanternaltuffisite veins are considedemportant outgassing pathways
it is important to assess the conditionsder which magma will fracturehis is
possiblewhen assuming shear failubey usi ng the foll owisng bri
x 1 A, w h gis the skear viscosity, s the strain rate, ant, is the meld s
strength(Tuffen et al. 2003seesection 15.1. for the originof this criterior). The
ascent rate ahagma during the 2008yolitic eruption of Chaitéins well constrained
(~1 m §% Castro and Dingwell, 2009and thusthe strain rate within the conduit may
be estimatedstrain rate = ascent ratednduit radis), giving a strain rate of 0.I's
for a10 mconduit radiugCastro et al., 20Q8Castro and Dingwell, 20090kumura
et al. (2013) proposed that brittle failure of the Chaitén magma occureedegith of
1 km (Fig. 1.12.), determinedusing tle strain rateof 0.1 &', the brittle failure
criterion givenabove the shearstrength of bubblyhyolite (0.3 MPa;determined in
their torsional sheaexperimenty and by determining theshearviscosity of the
Chaitén nagma Furthermorepased on the ideal gas law aih@ pre-eruptive water
content(3-5 wt. %9 Okumura et al. (200Q%lso suggestethat rhyolitic magmamay
attain aporosity of 30vol. % at a depth of ~2:8 km and thus xceed the percolation
threshold (Fig. 1.12.ii). Therefore at ascent rat of >1 m $" brittle failure may
precedeeffective outgassing throudiubble networkstesuling in the rapid ascent of
undegassed magma in the conduit interior, and conséguenplosive activity
whereas aascent rateof <0.01 m § effective outgassing throtgbubble networks
may precedérittle failure, with brittle failure playinga negligible role in abatg
explosive activity in comparisoto bubble networkgOkumura et al. 2013Fig.
1.12.i).

Castro and Gardner (2008sed experimentally determined microlite growth

rates to determine the ascent rate of magma that produced pumice clasts during sub
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Plinian eruptions of the Inyo Domes, and found that the magma ascended slowly (a

few cm per second), with the ascenerabmparable tthat inthe effusivdatter
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Figure 1.12. (i) Onset depths of magma degassing and shear localisation for rhyolitic magma. The solid,
long-dashed and short-dashed curves represent strain rates of 1, 0.1, and 0.01 s! respectively. See main text
and Okumura et al., (2013) for further details. (ii) Vesicularity vs. depth for rhyolitic magma with different
water concentrations and temperatures. See main text and Okumura et al., (2009) for further details. (i) From
Okumura et al., (2013). (ii) From Okumura et al., (2009).

stages of the eruptions. This contradicts the relationship between ascent rate and
explosvity proposed byOkumura et al. (20)3Castro and Gardner (2008uggested

that the rapid unloadingf a pressurised magniidled dyke could have triggeretthe
explosive phasesof the Inyo eruptiors, with explosivity decreasing because
outgassingricreased withime. At suchsluggish ascent ratestrain rates would have

been too low for brittledilure and the formation opermeable outgassirmathways

via shear failureThe influene of ascent rate on explosivity will be unique to each
eruption, with the study o€astro and Gardner (2008ighlighting that sluggish

ascent will noalwaysguarantee effusive activiiffoutgassing is prohibited

1.5. Rheology of rhyoli tic magma

The rheology of magmdictatesits deformatioal and flow response to an applied
stress Rheology is dependent onmelt temperature, geochemical composition,
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pressurethe content otrystals andubbles, the amount of stress and the strain rate,
with the rheological framework defining the influence of these paramétgtsfrom
experimental and field studi¢Spera, 2000 Magma rheology is importatecauseét

will influence the ascent rate and whetheragma experiences ductile or brittle
deformation and is thus intertwined with outgassif@r fluids, rheology is described

in terms of the relationship between the applied shear stress and the resuitant stra
rate Fig. 1.13.; Parfitt and Wilson, 2009)For a Newtoniarfluid, a proportional
relationship exists between thppliedshear stress and thesutant strain rate, with
water being @ommon example of a Newtonian fluid. If a fluid exhibits any deviation
from this relationship it is a neNewtonian fluid (e.g, thixotropic, dilatant or
Bingham) Thixotropic and dilatant fluids are characterised dhyearthinning and
sheatthickening behaviour, i.ewhen stress is applied, the apparent viscosity will
decrease or increaseespectively, whereas Bingham plastigossesyield strength

anddeformation will only occur when the applied stress excteds

shear stress

thixotropic fluid

Figure 1.13. Relationship between shear
stress and strain rate for fluids with
different rheologies, Reproduced from
strain rate Parfitt and Wilson ( 2009)
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1.5.1. Single -phase magma

Singlephaserhyolitic magmay(i.e., melt) may respond to stress in a Newtonian or
nonNewtonian manne(Dingwell and Webb, 1989 During Newtonian behaviour
stress will notaccumulateduring sheardeformation,due tothe proportional applied
stressto resultant strain rateelationship However, if a melt cannot respond fast
enough to an applied stresttess may accumulatas demonstrated bgeformation
experimentsn which silicic melts behaveds Newtonianfluids at low stressesand
norntNewtonian fluids at high stresses(Dingwell and Webb, 1989Webb and
Dingwell, 1990aWebb and Dingwell, 199Qbwith the lattercharacterised by shear
thinning behaviour These authors fountthe structural relaxation time of a méf
which isexhibiting nonNewtonian viscoelastic behaviour to ibeagreement witthe
Maxwell relationr =ds/ G,  w h @asrskeear giscosity of the melt and G is the shear
modulus

Using the fibre elongation method Wke and Dingwell (1990) found that
brittle failure occurred Wwen thedeformation timescale wasorders of magnitudkess
than therelaxation timscale Therefore, assuming a shear modulus of 10 GPa
(Dingwell and Webb1989 and considering the Maxwell relatiobrittle failure will
occur whendsx ! 1.0° Pa(Goto, 1999, where! i the strain rateThis brittle failure
criterion maybe modified tadsx * S, wh gistleemeltd s s t(TuHenet al,h
2003). The shear modulus is relativeigensitive to melt compositiofingwell and
Webh 1989 andthe criterion is therefore applicable to all silicic melts.

The deformational response of a melt is temperatamed strain rate
depenént, and may bexplained by considering the glass transitiwhich defines a
transition from liquid tosolid-like behaviour(Dingwell and Webb, 198Dingwell,

1996. The transition isoften described as aingle temperature, named the glass
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transtion temperature (Tg). Below Tg melt behaves in aolid-like manney and
above Tg amelt behaves like éiquid. Considering the glass transition as a single
temperature is appropriate for experiments, such asgpcalorimetry, because the
timescals of such experiments are shertoughfor the structural relaxatiotimescale

to be considered consta(ingwell and Webb, 1989 However, wen considering
magma deformatiowithin a conduitor dykeit is appropriate to view thiansition as

a curved intervalin temperaturestrain rate spagebecase long timescales are
involved and structa relaxation becomes importa(@ingwell and Webb, 1989
Dingwell, 1996. The glass transition interval separates liquid aalid-like fields,

with the liquid field represented by high temperatures and low strain rates, and the

solid-like field represented by low temperatures and high strain raigs1(14.).

>

decreasing strain rate

Figure 1.14. The glass transition interval in
) temperature-stran rate space. Reproduced from
Dingwell (1996)

decreasing temperature

Dingwell (1996) hypothesised that during the formation of volcanic glasses
the glass transition interval may be crossed numerousstMultiple generations of
tuffisite veins in shallowly dissected (depth <50 m) rhyolitic dykes at SE
Raudfossafjoll in IcelandFig. 1.4) provide evidence forepeated crossing of Tg
because earfformed veins have undergone high viscous strain and are truncated by

later generations of veins, iiedting repeated crossing of Tduring cycles of
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fracturing and healing in the shallow cond(ifuffen et al., 2003 Tuffen and
Dingwell, 2005. Gonnermann and Manga (2Q0@®095 similarly described brecciated

and flow banded obsidnh from Big Glass Mountain Dome California,recognising

that the flow bands arerecciated clasts which experienced high viscous stRan (
1.15.). Indeed,it was recognised some time ago that obsidian is capable of near
contemporaneous brittle and ductile behavi¢enner, 192)) with brittle-ductile
transitions being ascribed tlecreases imiscosity (Fuller, 1927. Tuffen et al. (2008
proposed that increases in the strain rate caused brittle failure in the SE Raudfossafjoll

dykes and thabrittle-ductile transitions wereaused by decreasisthe strain rateor

a reductiorin the viscositydue tofrictional heating.

Figure 1.15. Evidence of brittle-ductile transitions in rhyolite. Two perpendicularly orientated images of an
obsidian sample, the sample gradationally changes from angular clasts (right) to deformed fragments to planar
flow banding (left). From Gonnermann and Manga (2005)

1.5.2. Multi -phase magma

Magmacommonlyconsists of three phases., crystals andjasbubbles enclosed in a
melt. Crystals and bubblemfluence magma rheology andan result in non

Newtonianbehaviour

1) Effect of bubbles
The effect of bubbles on magma rheology depends ogassolumefraction(g,) and
the capillary number (Ca = ¥k 2 x.ds / G, where r is the radiusf the relaxed,
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undeformed bubble' s the strai rate,ds is the melt viscosity and G i s su
tension).The capillary number is m@atio between the forces acting to deform a bubble

and the forces resisting deformati@tein and Spera (20pgtheasured the viscosity of

a bubbly rhyolitic melt during high temperature shear deformation expesniéméee

flow regimeswere identified descri bed in terms dd, t he r
whered; is the relative viscosityand de is the bulk viscosity). When Cawas <0.1

(small spherical bubbles, low strain rates) increagd as g, increagd when

0.1<Cad 0 ,depeneédon Ca and g and whenCawas>10 (large elongate bubbles,

high strain ratesyl, decreaed as @, increagd These three flow regimes are often
simplified into end member regimes characterisedday<<1 and Ca >&(Llewellin

et al, 2002; Llewellin and Mang 2005, and references thereifhe reason that these

flow regimes exisis because bubbles distddeflect) flow lines in themelt, and

elongate bubbles will caudessdistortion than spherical bubbléklewellin et al.,

2002. In summary, bubbles are capable of inducing shbkmkening, or shear

thinning behaviourand deformed bubblesre capable of reducing magma viscosity

by a factor of five(Stein and Spera, 20PZ'he orientation of deformed bubbles will

also be important, aslongatebubblesthat arealigned with the flow direction will

cause a decrease in the relative viscosity in comparis@iotgatebubbles of a

similar size that are an angle to the flow direction.

i) Effect of crystals

Crystals may be considered igid inclusions in magméLlewellin, 2002 and their
e f f e cdepends ondhe crystlhction (g;) andcrystal shapelejeune and Richet
(1995 used uniaxial compression experiments to meabargiscosity of silicic melts

containingvarying amourg of sphericalcrystals When g; was <0.40 themagma
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behared asa Newtonianfluid andd; could be estimated bysingthe EinsteirRoscoe
equationd, = ds(1 - 2./ )", where g and n are constanigith values 0f0.6 and2.5
respectively However, atg. >0.40the magma behavedsa Binghamplastig with d,
increasingas g increased Non-Newtonian behaviour at high crystal fractions is
thought to result from crystadrystal interactiongLejeune and Richet 1995, and
reference therein).If crystals are unalignedith high aspect ratios, the onset of non
Newtonian behavioumay occur whermg, is <0.40 (Cashman and Sparks, 2013 and

references therein).

1.5.3. Strength, strain rate and viscosity

The brittle failure oimagmais influencedby the magm#& strengthandviscosity, and
thestrain ratelt is thereforemportant to constrain theparameters before attempting

to determine the mechanism of brittle failure in volcanic con@duitsdykes

i) Strength

By using high temperature fibre elongation experimehts tensile strengshof
bubblefree silicic melts havebeen estimated to be of the order1®80 MPa and
almost independent of sample composit{@v¥ebb and Dingwell, 1990aln contrast,
the tensile strength djubbly magmawas found to beonly ~1 MPg by using high
temperature decrepitation experimerif@omano et al., 1996 The latter authors
suggest that th lower strength of bubbly magnmay be due to th@resence of
dehydratiorrelatedmicro-cracks aroundbubbles.

Okumura et al. (2010 conducted high temperaturshear deformation
experiments on rhyolitic meltsand during deformation thie samples developed

bubblefree borders and bubbly coreBhe authors were able to constrain the strain
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rate at which thie samples fracturecandalso determinesample viscosityBased on
thebrittle failure criterion of Tuffen et al. (200&)e authors calculateshear strengths
to be 16100 MPa and 1 MP#or bubblefree and bubbly magmeespectively.In
similar experiment©kumum et al. (2013)ound bubbly rhyolitic magm#o have a
shearstrengthof 0.3 MPa

High temperature deformation experimentsive demonstrated that the
compressivestrength ofbubblefree rhyolitic magmais >300 MPa(Tuffen et al.,
2008. Thedecompressivetrength oimagmawas investigated bgpieler et al.Z004)
and Mueller et al. (2008), whaonducted high temperature decompression
experimentsvith the objective of identifying the minimum gas overpresgumernal
bubble gas pressure minus the ambient pressaregthe fragmentation threshgldo
cause macroscopic tensile failugpieler et al. (2004demonstrated that there is not a
critical bubble content at which failure occulsit insteaddemonstrated thatear
vesiclefree samples may macroscopically fragmevith the fragmentation threshold
( B») decreasingwith increased porosityF{g. 1.16.i). Based on the experinental
resultsSpel e r et al . proposed the Py&l jloowi ng f
w h e rpeis the meld gensile strengthwith a consant value of 1 MPa and g is
porosity. HoweverMueller et al. (2008f o u n d Pgtincraases a3 the permeability

increasesHKig. 1.16.ii) andproposed another fragmentation criterion, which considers

porosity and permeability and is as followsgPy = MG , Where k is the

permeability,iimis given a constanalue of 1.54 MPa, andis also a constant with a
value 0f8.21 x 1§ MPam™. Mueller et al.state that crystallinity, bulk geochemistry
and pore geometry have a negligible effect on the fragmentation threshold, with

permeability being the overriding influence.
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Figure 1.16. Relationship between porosity and permeability with the fragmentation threshold. (i) From Spieler
et al. (2004). (ii) From Mueller et al. (2008). See main text for description.

1) Strain rate

Strain rates withirrhyolitic lava flows have been estimated using three methods
considergheinferredflow rate andogive spacindgFink, 1980, another considsithe
inferred flow rate and lava voluméCastro et al., 2003b and the third uses the
geometry of deformed vesicléRust et al., 2003 The latter method Isaalso been
used to estimate the strain rate withiiryolitic conduits(Rust et al., 2003 andthis
method requires bubbke to have beemuenchedduring steadystate deformation.
Strainrates within conduits havieeenindependentlyestimated by using the ascent
rate and conduit diameté&oto, 1999 Okumura et al., 20)3These methods yielded
strain rate estimatesvithin obsidian lava flows spaing 10® - 10* s, whereas
estimaes formagmas irconduitsof differing compositionsspan10®- 10* s* (Table

1.3).

Table 1.3. Estimates of strain rates within lava flows and conduits.

Iav_a oM qua composition | reference methodology strair_ll
filled conduit rate (sV)
flow rhyolite Fink (1980)| ridge spacing and emplacement rat¢ 10*-10"
flow hyolite Castro et | flow ratg and domc_e yolume (data fron 10°
al. (2002) Fink and Griffith$1998)
flow rhyolite R?;égé)al' 3D geometry of deformed vesicles 107
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spatter-fed flow rhyolite szzségé)al. 3D geometry of deformed vesicles 10°
1 m from conduit dacite Goto et al. conduit dimensions and ascent rate 10°
centre (1999)
1 m from conduit . calculated from data provided in Voight et al. (199 8 . T
centre andesite and methodology of Goto (1999) 1010
. . . calculated from data provided in Voight et al. (199 7 .6
conduit margin andesite and methodology of Goto (1999) 10°-10
conduit rhyolite R?;égé)al' 3Dgeometry of deformed vesicles 102
used to estimate conditions of brittle
. . Tuffen et failure (see references therein for 2 .6
conduit rhyolite 10°-10

al. (2003) | source of strain rates, estimates nof
based on rhyolitic conduits)

Okumura - .

. . conduit dimensions and ascent rate 1

conduit rhyolite etal. ; 10
(2013) (Castro and Dingwell 2009)

i) Viscosity
Viscosity is the measure of melt resistance to stress and it partly depetigssilica
contenf asmelt polymerisation increases with the riagn of StO-Si bonds Rhyolitic
melts are silicaich (>69 wt. %) relative to basaltic (<52.W6) melts, and because of
this rhyolitic melts have higher viscositiedue to greater polymerisatioMelt
viscosityis alsostrongly depenenton the water content and tematerre Fig. 1.17.);
increases ireither will act to depolynerise the melt, decreasingelt viscosity.

Conversely,decreases in the water content and temperature will increase melt

wt. % of dissolved H,0,
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0 T T T 1 rhyolitic melt. Based on the composition
600 700 200 900 1000 of a dyke at SE Raudfossafjoll, Iceland
(Tuffen 2001)and the model presented
temperature in °C by Giordano et al. (2008).
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viscosity. Water dissolved as hydroxyl groups acts to depolymerisamigle and
because there &limited number of reaction sitéBoremus, 2000the effect of water
on viscosity becomes less pronounced as the water content in¢&tafsr, 1982p

The compositional and temperature dependericenalt viscosityhas long
been recogniseBhaw, 1963Friedman et al., 196Fhaw, 197p These early sties
enabled calibradn of a unique method of determiningva flow viscosities which
involved determiningviscosity based on the geometry of surface fdklak, 1980Q.
Internal folds within obsidian lava flows have also been used to constrain flow
viscosity (Castro and Cashman, 199%ith buckle foldthickness and wavelength
used to calculatehe relative viscosity of vesiclieee andvesicular layers. This
demonstraté that obsidian flows are stratified in terms of viscasiyth vesicular
layers less viscous than vesieteee layers. The esicular layers exhibitechon-
Newtonian shear thinngn behaviour whereas adjacent vesidiee layers behaved
like a Newtonian fluid.

Friedman et al. (1963provided viscosity estimates forhyolitic melts that
spannedl0'°- 10" Pa s (<1 wt. %lissolvedH,0;, temperature 68800 °C), but these
temperature estimates aratherlow, astemperature estimates for rhyoliteclude
~750-800 °C(Torfajokull volcano, IcelandGunnarsson et al1998), 800 °GChaitén
volcano, Chile; Castro and Dingwel009, 900°C (Krafla volcano, IcelandElders
et al, 2011 and Cord6n Caulle volcano, Chile; Farguharson et 2015. Three
viscosity models have been develofge@ss and Dingwell, 199&hang et al., 20Q3
Giordano et al.,, 2008bwhich arerooted inlaboratory studies of viscosity. The
modek of Zhanget al. and Hess and Dingweélquire the user to input timeagmatic
temperature andoncentration of dissolved B, butGi or dani @ @erhapwno d e |

the most robustas it requires the user to input the major element composition
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(including the concentration of dissolved,®) and magmatic temperature.
Nevertheless, @ood correlationexists betweenviscosity estimates for th€orddn
Caullelava flow using the three different models, with estimates for thespatfhing
~10'- 10" Pa s, and melt+crystals spanning 100* Pa s(Fig. 1.18.; Farquharson
et al., 2015) The latter estimates weodbtainedusing the melt viscositgetermined
from each viscosity modeind a modified version of theEinsteinRoscoe equation
(Pinkerton and Stevenson, 199Farquharson et afurther demonstrated that the
estimatesencompass thélow viscosity (1.21 x 18°- 4.03 x 16° Pa s)determined
with Jeffreyd €1925) equatiorfFig. 1.18.), which requireknowledge oflow velocity

anddepth determinedusing a unique method of 3D imaging.
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3 E Zhangetal. @ o 3 The authors made the calculations
10“ A A AT A AT I A A Lol v b Ly using three different VISCOSITY
OO 700 800 o0 1000 1100 1200  models (see key) and the Jeffery
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1.6. Water dissolved in rhyolitic magma

Water is the princigl volatile species in rhyolitic magmand its behaviours
important to constraibecause itontrolsvesiculation, pressurisation and explosivity,

and strongly affects melt viscosity.
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1.6.1. Speciation

In a rhyolitic melt water islissolved in the form of two main specieslecular water
(H20m) and hydroxyl(OH) groups(associated with Al, Si, or other cationgjth the
combined concentrationf these two speciegiving the total water contenH,O;;
Stolper 1982n H,0Oy, is not bound tahe melés silicate polymer framework unlike
OH (Stolper, 1982an Basd on the following equilibriunequationH,O, + Oz 20H
it is thought that KO, reacts with bridginganhydrousoxygen atoms (O) in the
network, forming twoOH" groups (Stolper, 1982a1982h Zhang et al., 1995
Because OHgroupsare bound to thenelt networkH,Oy, is the dominantdiffusive
species and following H,Op, diffusion OH concentration gradnts formas OH
reconvers to H,Op, re-establising speciesequilibrium (Stolper, 1982bMcintosh et
al., 2014h. The peciesinterconversiorrate is temperaturelependant as network
bondsare broken more easilgt higher temperature@viott, 198%. For example
Zhang et al. (1995 experimentally studi the kinetics of water species
interconversiorfinding that the time taken to readpeciesequilibriumis dependent
on thetemperature andater contentln these experimenthyolitic melks containing
~0.52 wt. % HO; reached speciesquilibrium after ~20 seconds 6ominutes at 600
°C, and ~2 hours ab00 °C,with equilibrium not reachedat temperatures <500 °C.
Zhang et al. (2000found thatthe interconversiorrate isinsensitive to pressunghen
the pressure is500 MPa.

Stolper (1982pmeasuredvater speciation in a range of natural and synthetic
samples which had experiencéififerent quenching histories, amttmonstratedhat
the concentratioa of H,O,, and OH are dependenbn H,0,. For instancewhenthe
H,O; contentis low OH'is the dominant species, whereas at higb;ldoncentrations

H,Onm is dominant Fig. 1.19.i); the OH content plateaus at high,O; concentrations
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because of the limited number of available reaction ilEemus, 2000 The
relative concentratios of H,O,, andOH" arenearindependenbf samplecomposition

for silicate melts as demonstrated by speciation measurements for samples of
different compositiongFig. 1.19.i; Stolper 19823. The sampls used by Stolper
(1982a)had probably achievespeciesequilibriumbecause of theapidity of species
interconversiomat high temperaturesinless quenching rates wesieorter than a few
secondsNowak and Behrens (20ptonducted high temperature measurements of
OH and HO; concentrationgn rhyolitic melts andshowedOH™ concentratioato be

temperaturalependnt (Fig. 1.19.ii).
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Figure 1.19. Speciation models. (i) From Stolper (1982a). (ii) From Nowak and Behrens (2001).

Volcanic glasses can become hydrated rdurpostmagmatic alteration
(Roulia et al., 2006Denton et al., 200Denton et al., 2002 with wate beingadded
as H,Op, resultingin hydrated glasses having highepQg-H,O; ratios than non
hydrated glassesS{olper 1982b;seefigure 5 in Owen et a).2012).The temperature
during postmagmatic hydration is probably low enough to preclude any species
interconversion(Stolper, 1982p The concentration o©OH may thus be used in
conjunctionwith speciation modelsStopler, 1982a; Nowak and Behre@601;Fig.

1.19.) to determine the magmatic®; concentrationThe Nowak and Behrens (20p1
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speciation mode(Fig. 1.19.ii) represents speciation values at magc temperatuse

and should thereforeonly be used for samplethat quenched in less than a few
secondsi.e, in samples in which high temperature species equilibrium was preserved
In contrast,St o p 1(16&2&) model (Fig. 1.19.i)) probably provides thespecies
equilibrium values at ~Tg, i.e.when species interconversion stopped (the exact
temperature at whichnterconversion stops is currently unresolyeaijl is thus more

applicable to slowhcooleddissectedlykesand conduits

1.6.2. Slubility and solubility models

It has long been understood thagter solubility is pressure and temperature
dependan{Goranson, 1931 with solubility decr@asingasthe temperaturencreases
andasthepressure decreasf@-ig. 120.). In recent yearsnumerousnodek have been
presented tanodel water solubilityas a function of pressum@nd temperaturésee

Moore, 2008or a review.

wt % of dissolved H,0,
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R )50 - Figure 1.20. Water solubility

1.8 _“??0 o(‘ as a function of pressure and
2.0 %55 C temperature for a generic

2.2 \90 C rhyolite, produced using

24 ‘9\5'*03‘ VolatileCale (Newman and
2‘6 *-. ¢ Lowenstern 2002).

Moore et al. (199B8presented aolubility model, but this does neiccount for
the influenceof CO, on water solubility, whicheads to an apparent decrease in water

solubility at a given pressui@®ewman and Lowenstern, 200Even small amounts
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(severalo tens of ppm) of Cowill affect H,O solubility (Tuffen et al., 201D Papale

(1999 presented aolubility modé which requireghe user to inputhe meltd snajor

element compositignas different elements willinfluence water solubility. For

instance, HO solubility will decrease as the,® content increasedPapale et al.,

2006. However, Newman and Lowenstern (200®resented a solubility model

(VolatileCalc) that was intentionally limited to a generic rhyolite because the effect of

different elements on water sollity remains pody understood. However

VolatileCalc can calculate water solubility for a range of basaltic compositions

because more is known about the effect of major elements on water solubility for

basaltgDixon and Stopler, 199®ixon et al, 1995 Dixon, 1997..

For rhyolite, VolatileCalc is rooted in a thermodynamic model for hydrous
silicate meltqSilver and Stolper, 198%ilver, 1988. The robustness of VolatileCalc

to model HO-CO,-systems over a broadnge of pressures and temperatures was

demonstrated bjlewman and Lowenstern (200Zor instance, the modelosely

matches experimental studifes pressures betweerD and2000 bars Fig. 121.),

and kelow 3000barsthere &

good

agreement

b et wedeln

and VolatileCalc for CQ-freerhyolitic melts(Fig. 121.ii). VolatileCalc is the most
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experimental run products and temperatures, Fogel and Rutherford (1990) experiments were for a H,0-CO,-system, all
other experiments were CO,-free. (ii) H,O solubility as a function of pressure in rhyolite containing no CO,, comparison
between model of Moore et al. (1998) and VolatileCalc (Newman and Lowenstern 2002). Both graphs are from

Newman and Lowenstern (2002).
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commonly used solubility modelebause of its capability to dewalith H,O-CO,-
systemsand because it is straightforward to 3effen et al, 2010). Some recent
studies have usedolatileCalcto reconstructhe palecice thicknessesnd degassing
histories of subglacial rhyolitic eruptior(uffen et al., 2010Owen et al., 2012
Owen et al., 2013b to determine the degassing history of recent rhyolitic eruptions
(Castro et al., 2012bSchipper et al.,, 2013Castro et al., 2034 to constrain the
degassing histgrof an Ocean Island BasalKendrick et al., 2016 andto determine
the composition of fluids released from a subducted tectonic (fRabeiro et al.,

2015.

1.6.3. Diffusivity and concentration gradients in
pyroclasts

Water diffusion is required fawater to escape from magma, regardtfsshether the
water escapegia bubble networks or tuffisite veinBor this reasoit is important to
understand the diffusive behaviour of water in rhyolitic melts.

For a comprehensive review regarding the diffusion of water in rhyolitic melts
seeZhang and Ni (2020 Ni and Zhang (2008conductedhigh-T-P-experiments to
constrain the diffusivity of water in rhyolitimelts and theyfound thatfor a rhyolitic
melt containing  wt. % total water (HOy), water diffusivity (DH.0, ) is well
described byhe equatiorbelow, whereC is the BO; content in wt. %Cy is 1 wt. %,

P is pressure in GPa, afds temperature in Kelvin

C 9698362PBY) 6
DHZOt:EOeX@. 5279 0+1.—8—8—7?57

Alternatively, the equation below may be used if the pressutekaown (Zhang et
al., 1991 Zhang, 1999 and is also applicabletohy ol i ti ¢ mel ts cont :

H20:.
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C 109y 2
DH20t=a)eXl316. 83?

In theseformulatiors H,Or, is assumed aghe only diffusive specieswith species
equilibrium also assumedhe former assumptiomay be incorrect, aBehrens and
Nowak (1997 suggest thaDH may contribute to kD, diffusion, butZhang et al.
(2000 state that this contributiois unresolvable from concentratigradients formed
via diffusion The latter assumption is valid becatdend Zhang (2008ensured that
guenching times were rapid enough to presapecies equilibrium.

Water comentration gradients proximé& bubbles spherulitesfracturesand
tuffisite veins in obsidiamave been used to estimdite timescale of bubble growth
(Castro et al., 20Q5and resagtion (Watkins et al., 201,2MclIntosh et al., 2019a
crystal growth(Castro et al., 200Q8fracturing and healingf magma(Cabrera et al.,

2017 andthe lifespan of tuffisite veingCastro et al] 2012b; Berlo et al., 201Fig.

1.22.; Table 1.4). A relatively straightforwardmethod of calculating the time (t)

taken for a concentration gradient to form over a particular leftls given by t =

d? x DH,0,(Watkins et al., 201:2MclIntosh et al., 2014aandisb as e d ofiist Fi ¢ k 6 -
law of diffusion. This calculation assumes constant boundary conditions, and therefore
doesnot modelDH,0, changes with time (i.echanges inC, T and P), which is

possible wih more complex diffusion mode(s.g, Castro et al., 2005; Humphreys et

al., 2008; Cabrera et al., 2011; Castro et al., 2012b)
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Figure 1.22. (i and iv) H20; concentration gradients in host obsidian bordering tuffisite veins in Chaitén pyroclasts, the position of the measurements are
shown in ii and iii respectively. These formed due the pressure being lower in the tuffisite veins than the surrounding magma, and were used by Castro et al.,
(2012b) to calculate the lifespan of tuffisite veins. All images are from Castro et al,, (2012b), some additional labels have been added
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Table 1.4. Summary of studies that have found H20 concentration gradients in ohsidian

sample approx. length of | approx. far | approx. location of temperature used | interpretation provided by reference
concentration field water | variation in concentration gradient | in diffusion model | authors
gradients content in water content in
wt. % wt. % relative to
far-field content
interlayered 300mMmnnn  >|0.2(host -0.1 next to vesicles (water | 850 T bubble growth took 10 hrs to 15 | Castro et
obsidianpumice distal to content decreases days, with bubble growth starting| al. (2005)
from lava flows vesicles) towards vesicles) after the lava flows stopped
moving
obsidian lava pnn >Y 0.15 +0.04 next to spherulites 650-850 T water rejected duringpherulite Castroet
(water content growth, with growth taking ~1 day| al. 008
increases towards to 2 weeks and beingize and
spherulites) temperature-dependant
obsidian 200n nn >Y|0.60.8 -0.040.1 next to healed faults 850 C diffusion from fault surfaces took | Cabrera et.
pyroclast (host distal (water content 10-30 mins al. (2011)
to faults) decreases towards
faults)
obsidian 500nn >Y |0.750.95 +0.20.3 (host next to partially welded| 625 and 825C transient low pressure Castroet
pyroclast (host distal | vein contacts) tuffisite veins (water (hydrostatic pressure) during al. 01b)
to vein) content decreases tuffisite vein formation, with vein
towards veins) lifespans of 20 hrs to 10 days
obsidian ynn >Y 1.7 (host +0.50.7 (host next to vesicles (water | 700 T and 850C | resoption over 27 hrs at 700C Watkinset
pyroclast distal to vesicle contacts) | content increases or 30 mins to 1.5 hrs at 85C° al. 2012
vesicles) towards vesicles) caused by a pressure increase of

~10 MPa in conduit just prior to
eruption, secondary bubble
population around vesicle
observed and thought to also be

evidence for resgstion
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obsidian from
lavafilled
conduit

pnn >Y 1.0 (clast -0.5 (clast edge) | pumice clast in highly
centre) welded tuffisite vein
(water content
decreases towards clas
edge)
n/a 0.58 (host | +0.42 (clast centre of pumice clast
next to vein) | centre) in highly welded vein

has higher water

content than the host

800 °C

water decrease towards clast edd
reflects diffusion from relatively
water enriched and deep sourced
clast, difference between the
water content of clast centre and
vein indicates that the clast was
transported for a vertical distance
of 160 m in the vein (pressure

change of 40 bars)

Berlo et al.
(2013)
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1.7. Redox state of obsidian

Redox stater oxygen fugacityfO,) can bedetermined by measurirtge FeO-Fe,0O3
ratio, with aglass(or melt) beingrelatively reduced or oxidised if there is a greater or
lower ratio respectiviy (Gaillard et al., 200 Obsidian colour can be a function of
the redox stateasit is widely established that green apldie obsidian are relatively
reduced, compared with brown and black obsidian, with red obsidian being even more
oxidised than brown and black obsidiguller, 1927 Gaillard et al., 202; Donald et
al., 2006 Moriizumi et al., 2009 Obsidian ca be dark or light brown, witlighter
shadedeingrelatively reducedh contrast to darker shad@Sastro et al., 2009

Early studies considering the origin @bloured flow bands in obsidian
proposed that they formed walatile diffusionduring deformation. For instance,
considering red flow bandauller (1927 suggeste that transient pressure drdpsm
during tensional fracturingausingvolatilesto diffuse into the fractureswith volatile
enrichmentscausng oxidation offine particles within the fracturedvut he did not
specify the oxidising agenelson (198} proposed that red flow bands formed due to
viscous heatig along localised shear planes. Thik between temperature and
oxidation was previouslymade by Sato and Wright (19§6who measured the
temperature and@iO, of cooling lava andsuggested that oxidation ocoed during
cooling, asH, has a highbr diffusivity than G, and HO, andpreferential escapef H,
will increasefO,.

More recently,experimentson silicic meltshave been used tmvestigaée
oxidation and reductiokinetics, andquantify how decrease in H, fugacity (fH)
increasefO, (Gaillard et al., 200 demonstrating thabflowing H, lossit may take
tens of lours to reach redeaquilibrium because theliffusive loss of H is much

faster than F& z B*etransformations with the transformation timepositively
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correlaed with melt viscosity.The influence ofH, on fO, is further demonstrated by
reductionhaloes surroundingpheulites (Fig. 1.23.), which reflectH liberaion and

rejecion during growth of the anhydrous mineral assemblatat constitues the

spherulite(Castro et al., 2009

host obsidian

o -

.spherulite

XANES FTIR host obsidian

Figure 1.23. (i) Microphotograph of a spherulite with a reduction halo, from Hrafntinnuhryggur ridge, Krafla
volcano, Iceland. Black dashed lines, diamonds and broad dark swaths mark the position of various analytical
measurements, see Castro et al, (2009) for further details. (ii) Backscattered electron image of a spherulite
Images are from Castro et al., (2009)

Another method of increasingO, involves the interaction between
unguenched magma and atmospheric oxygais may be recordedy small pumice
clastsand rinds of large pumice clasts that are relatively reduced, in contrast to the
cores ofthe large pumice clastshich is attributed to oxidation of the cores by entry
of air into hot clast interiors, whilst more rapid cooling prevented oxidation of the
small clasts and large clast rin(ait et al., 1998 | suggestan alternative
explanation perhap$H, was lost from the small claséd the rims of large clastsa
diffusion, but not from the interiors of large clasts.

The oxidation state ofavafilled dykescould berepresented bthe colour of

obsidian with the colourpotentially recordng important information abouhe loss
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and migration ofmagmatic gas and possible influx of the atmospldereng magma

ascentand emplacement

1.8. Conduit processes of rhyolitic eruptions and some
consideration of more mafic eruptions

1.8.1. Magma chamber to conduit, bubble nucleation
and growth

The initial ascent of ma@ugesia connected magmmaticE a r t F
system in which a pressure differential exists betweerdéapesf{i.e., the magma
chamber or source regi@t a depth of tens of Knandshallowest (surface todepths
of a few hundred meterparts of the systemwith the pessure being greaten the
deeper partPressure differentials magecome established vighallow or deeply
seated processetsie triggers for magma ascent ntaysbe referred to as tegown
or bottomup triggers respectivel{Girona et al., 2015 Top-down triggers involve
decompressigrwith possible causes including removal of a surface load e.g., partial
collapse of an edificer lavadome (Lipman and Mullineaux, 1981Voight et al.,
2006 or degassing of shalloweated magm@sirona et al., 2015 Bottomup triggers
involve a pressure increaséthin the source regionwhich may occur when a critical
volume of magma is exceededammagma chamber duettee influx of freshmagma
(Blake, 198], or due to bubble nucleation and growttith the lattertriggered by the
injection of relatively maficmagmainto a more silicic magmaody (Sparks et al.,
1977 McGarvie, 1984 Blake, 1984 Mgark, 1984 McGarvie, 198% or by
crystallisation(Tait et al., 198%

Bubble nucleation requires the melt to be supersaturated in volatiles, such as
H,0O, CG and SQ (Sparks, 1978Navon and Lyakhovsky, 1998and nucleation will

beenhanced if iystals are present in the mb#cause these can act as nucleation sites
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(Hurwitz and Navon, 1994\Navon and Lyakhovsky, 1998Bubble nucleation in the
presence of crystals will be heterogene@dsrwitz and Navon, 1994Navon and
Lyakhovsky, 1998 butif the numberdensity of crystals is <f@er cnf nucleation

may behomogenous, which requires great@iatile-supersaturatiofMangan and
Sisson, 2000 Once nucleation sacommencetbubbles will grow as volatiles diffuse
through the melt and exsolve at bubble walls, which requires the melt to be volatile
saturated. Bubbly magma will be less densentlthe surrounding country rock.
Therefore,as magma ascends and decompresses, buoyancy may become increasingly
important in prombing ascent. During decompression bubbles may also grow via gas
expansionor sheafrinduced bubble coalescendBurgisse and Gardner, 2004
Okumura et al., 2008 with growth being dictated by the volatile content, melt
viscosity, surface tension, shear stremsgd ascent rate. Equilibrium degassimng
characterised byedigible volatile oversaturatignwith norrequilibrium degassing
occurring when bubble growthis ineffective at preventing oversaturation
(Gonnermann and Manga, 2001} magma ascent is sluggish, bubble growth is
limited by decompression, whereas if ascent is rapid, diffusion is the limiting factor

(Proussevitch and Sahagian, 1996

1.8.2. Ductile deformation and the formation of
permeable b ubble networks

For bubble coalesoee to occura critical bubble walkthickness must be achieved,
allowing bubble walls torupture. Base@n the thickness of intact and brokbubble
walls in pumice clastg has been proposed that the critical thickness for rhyolite is 1
¢ m(Klug and Cashman, 1996or 0.21  g(Navon and Lyakhovsky, 19%8and
observation of experimentally vesiculatetlyolite have been used to suggest that t
critical t hi dGastre stsal.,, R042aThi@e rBechanisms may cause
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bubble walls to becomehinner, namelymelt drainage, dimpling and stretching
(Castro et al., 2013aMelt drainageinvolves two similarlysized adjacent bubbles
deformingagainst one another, wittapillary forcescausing the intebubblemelt to
drain away (Proussevitch et al., 19R3Castro et al. (2012a) calculated that melt
drainage will take ~2 days to >100 days for rhyolite, becafisbe long timescales
involved melt drainage is not considergdportantduring rhyolitic eruptiongMurase
and McBirney, 1973 Sparks, 1978Navon and Lyakhovsky, 199&astro et al.,
20123. However, dmpling and stretching are more rapid ways to thin bubble walls
(Castro et al., 2012a Dimpling may occur when differently sized bubbles are
proximal to one anothehecause the surface tension pressure will be greaténe
smaller of the two bubblethe smaller bubble magrotrude into the larger bubble
(Proussevitch et al., 199®kumura et al., 2008 Therefore, during dimpling, the
inter-bubble film will be convex towards the langéubble,with the film thiming
towards its apekCastro et al., 2012&ig. 1.24.). Stretching of intedbubble films may
occur during bubble growth and viscous deformafidavon and Lyakhovsky, 1998

With this in mind, sheais likely to be important in promoting bubble coalescence.

Figure 1.24. p-CT renderings of experimentally vesiculated rhyolite.
The slightly smaller upper bubble is protruding into the larger lower
bubble, resulting in a dimpling texture, Mote how the deformed
bubkble wall 1s thinnest at the apex. From Castro et al. (2012a).

] pgm

Vesiclestowards the margins dhe Mule Creekdissectedrhyolitic conduit
have pinch-andswell forms, whereasvesiclesnearer theconduit centreare more
spherical, attributed to shear stredseing greaterat the conduit margins, which

promoted bubble @escencéStasiuk et al., 1996Shearinduced bubbleoalescence
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in rhydite has been observeduring hightemperature decompression experiments
(Burgisser and Gardner, 2004vith torsional deformation experiments oasicular
rhyolitic melts further demonstrahg how shear promoteubble coalescencg-ig.
1.25.; Okumura et al2008.

Okumura et al. (20Q%uilt uponthe experiments ddkumura et al. (2008 by
measuring the permeability and pseity of quenched deformed sampleShe
percolation thresholtbr permeable gas flow was reachgken the porosity obtained

30 %by volume Based on the ideal gas law and the solubgigssure relationship of

Figure 1.25. u-CT images of quenched vesicular rhyolite, formed during high temperature shear deformation
experiments, shear increases from left to right. Vesicles are black and host obsidian is grey. The image furthest
to the right contains many large vesicles which formed via shear-induced bubble coalescence. See Okumura et
al. (2008) for more details, this is where the images are from.

wate this porositycould be attained abaduit marginsat a depth of-1-4 kmfor pre-
eruptive water contestof 3-7 wt. % (Fig. 1.12.ii). Schipper et al. (20)3usa a
similar method toreconstuct the relationship between pressure.(depth) and
porosity for the Cordén Caulle2011:12 magma, andestimated hat the magma
attained30 vol. % porosity,and thus exceeded the percolation threstaild depth of
~1-2 km(Fig. 1.11.ii). Bubble networksnay permit permeable gas flavdephs ofa

few kilometresbutwhat influences permeability at depths of a few hundredesfet

1.8.3. Tuffisite veins

When active, tuffisite veins facilitate thetrusive movement ofgascharged flows
that are laden with particle®uring vein activity clastic deposition of particles can

occur (Heiken et al., 1988Tuffen and Dingwell, 2006 which can progressively
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block the vein whilstalso propping it openTuffisite veinscan feed suderial jetsof
particles and gage.g., Schipper et al., 2013). Duringtrusive deposition similar
structures to those in ignimbrites (e.g., Branney and Kokelaar, 2002) can form, but
direct comparison between sedimentation of pyroclastic density currengmdintes
within fractures is complex and sometimes inapproprageyoth types of deposition
will be influenced by diffeent factors gection 4.6.2 provides discussion and models
regarding particle deposition within fracturgs Tuffisite veins are considered
importantoutgassing pathwaysStasiuk et al., 1996Tuffen et al., 2003Tuffen and
Dingwell, 2005 Tuffen et al., 2008Castro et al., 2012tBero et al., 2013Castro et
al., 2014 Cabrera et al., 20)5and they exist within the shallow (<500 m deep) parts
of rhyolitic dykesand conduitgHeiken et al., 1988Stasiuk et al., 1996 uffen et al.,
2003 Tuffen and Dingwell, 2006 External tuffisite veins proximal to the Obsdi
Domedyke and conduiextend ~10 to >100 nmto the country roclandare 740 cm
wide (Heiken et al., 1988 and aterral veins within the dissected conduit at Mule
Creekare ~15 cm wide andup to40 m in length(Hugh Tuffen pers. comm2012)
with forking ends that are 01 cm wide (Stasiuk et al., 199). Anastomosing
networks ofinternaltuffisite veins indissectedcelandic dykes are <80 mm wide,
with somenetworks being ~5 m longTuffen and Dingwell, 2006 However, it is
likely that the networks are much longer if their 3D geometry is consideréeled
tuffisite veins in theChaiténconduit are thought to have extended from the sarta
a depth of ateast 5@ m (Castro et al., 2004 and in considering a more mafic
volcangq tuffisite vens within the Satiaguito conduit may extend from the surface to
a depth o250 m(Holland et al., 2011

Water concentration gradients in obsidian adjacent to tuffisite veins

demonstrate that they can be localised and transient pressure, valveeby
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depletions (e.g., Castro et al., 2012) and enrichments (e.g., McGowan et al., 2015) in
the water contentrecord tansient low and high pressures within tuffisite veins
respectivelyrelativeto the regional conduit pressure. The notion that tuffisite veins
act astransientpressure valves during eruptions is supgibiby observations of the
Corddn Caulleeruption (e.g Schipper et al., 2013), where pulsatijggs that
consisted ofparticles andgas or justgaswere interpreted as being fed by tuffisite

veins.

i) Formation of external tuffisite veins

External tuffisite veingnayform via opening of new fractures e country rockor
via opening ofpre-existing fractures For fracturing to occuthe magmatic pressure
must exceed theonfining pressure and theensile strength of the country rock,
whereado prop open preexisting fractuesthe magmatic pressure woylgst have to
exceed the confining pressuté¢eiken et al. (1988analysed borehole corebtained
from depths of 306600 m during the Obsidian Dome drilling projecnd found
external tuffisite veins contaimg similar ash shardsto those formed during
phreatomamatic eruptions fromObsidian Dome. It was thereforgropose that the
magma interacted witvater, andthat heatingof groundwatercreatedsufficiently
high overpressuré5-9 MPagreater than overburdem) either fracture the country
rock, or prop opempre-existing sheefractures(i.e., sheetike in 3D and veidike in
2D). The external tuffisite veins at the dissected Mule Creek conéigt (.3)
containjuvenile pumice clasts and are thought to hforened during the »glosive
phase of the eruptiopmnddo not gpear to followpre-existingfractures in the country

rock (Stasiuk et al. 1996)
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i) Formation of internal tuffisite veins via shear
failure

The formation of internal tuffisite veins requires brittle failure of the melt. Assuming a
shear modulus of 10 GPa (Dingwell and Webb 1989), and considering the Maxwell
relation, brittleshearf ai | ur e wi lsk? f@ER a r w hydame edrethe
shear viscosity of the melt and the strain rate respectiGalio (1999) proposed that
this failure criterion may be met in volcanic conduits via increases in the ascent rate.
Tuffen et al. (2003) employealmodified version of thérittle failurecriterion @sx* h

> ¢ where Up, is the magma strength) to propose thashear failure wasesponsible

for the formation ofinternaltuffisite veins which exist inthe shallow (€0 m deep)
parts ofdissectedhyolitic dykes(Fig. 1.4. and 1.5. Gonnermann and Manga (2003
used a similar criterion to suggesiat shear failurenay occur at conduit margins
during the last 1000 m of asceBuidence for shear failure of bubbly magma exists in
rhyolitic pumice clasts, which contain localised zorwfs sheared vesicles and
fractures(Marti et al.,, 1999 Wright and Weinberg, 200%chipper etal., 2013.
Tuffisite veinsinferredasexising at the margins of the dacit®antiaguitaconduit are

also thought to have formed via shear fail(B&uth and Rose, 20Q04olland et al.,
2017, with Holland et al.speculating that decompression withracture network

caused therno evolveinto tuffisite veing(Fig. 1.26.).
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Explosive
Degassing

Repose
Degassing

Plug Flow

Onset of
Brittle

Failure Strain Figure 1.26. Schematic diagram depicting

Localisation  outgassing from the Santiaguito conduit. Image 15
from Holland et al (2011), These authors propose
that repose outgassing 1s fed by bubble networks,

Foiseuille  with more explosive outgassing being fed by
Flow tuffisite veins, which form via decompression of
shear fractures at the conduit margins.

iii ) Formation of internal tuffisite veins via tensile
failure

McBirney and Murase (1970nferred that tensile failure dfubble walls may occuf
internal bubble pressures are sufficiently highese authormferred that whenhie
bubble number density is lothe meltd $ensile strength will be most important in
resisting failurewhereas at high number densitisarface tension will become meo
important.This is becausehe surface tensioh 1) pr ess ure 2lBubblea bubt
radius, ad is therefore negligibléor large bubbles, only becomirgignificant for
bubbl es with 4gSparks,d®78us of <10 e&m

Sparks (197Bnoted that pumice clasts commonly have porosities e85/5
vol. % andsuggested that fragmentation will occur when the bubble contembis >
vol. %. However, he also emphasised that this does notitéieaccountpost
fragmentation bubble growth, which is now understood to o@wmas et al., 1994

Gardner et al., 1996Klug and Cashman (1996; 2002) questioned the fragmentation
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criterion of Sparks byighlighting that pumice clastsave porosities of ~305 vol.
%; indeed, rhyolitic pumice porositiesspan ~380 vol. % (Wright et al., 2006
Degruyter et al., 2010schipper et al., 2033In support of the earlier questioning of
the fragmentation criterion of Sparkdgcompression experimentBig. 1.16.) have
demonstrated that there is not a critical porosity at which failure of8prsler et al.,
2004; Mueller et al., 2008 Instead, failure habeenshown to be a function of the
difference between the internal bubble pressure and the ambient pré$mure
fragmentation threshoJdmagma permeability and poros{iMueller etal., 2008.

Alidibirov and Dingwell (199§ presenéd a conceptualmodel depicing the
tensile failure of bubbly magma This model envisages bubbly magnihat is
separated from the surfacg bn impervious cap rock, witbubble gas pressures in
excess of atmospheric pressure. The cap rock is then rapidly removed, exposing the
bubblesto atmospheric pressureesultingin tensile failure of bubble walls. The
disrupted and expanding magma is then propelled out of the conduit, and the

fragmentation surface propagates demrds(Fig. 1.27.). However, at some depth,

T — Outbursting
AN LR fragments
-, "
— -, .-... —
. n, .
- . e ®
‘- "" '.: |
" gy . =
‘. R Fragments
.' "t. .. of magma
i - . .. [ ]
AR.02

Fractures . , . " .
Figure 1.27. Schematic diagram of a volcanic conduit,

depicting macroscropic tensile faillure of magma via rapid
Release wave decompression. See main text and Alidibirov and Dingwell
front (1996) for further information. Image 1s from Alidibirov and
Dingwell. (1996)
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the bubble content and melt vissity will be low enoughfor the melt to deform
viscousy, ending fragmentation

Recently, numerical modelling has been used to suggest that microscopic
tensile félure of bubble walls may occurelow the fragmentation teshold (Heap et
al., 2015. These authorsuggest that microscopic craagkay nucleate at bubble walls
and that such cracks may evolve into macroscopic cracks if lthkeytogether
intersect bubbles with high internal gasgsre, or if they cause instability addme
collapse(Fig. 1.28).

The studiesmentioned in this sectiorandin the preceding sectioronsider
that magmafailure is driven by shear or tensjowith the latter occurringabove or
below the fragmentation threshold. Rather thastribing fragmentationto one
discrete mechanism, perhaps it is more appropriate to build a more complex model of

fragmentation thatllows fordifferenttriggermechanisms.

e rrirer
~ Y fragrmenitation,
l\_ | outgassing,
L~ and fractrs
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Figure 1.28. Schematic diagrams of a voleanic conduit depicting
the formation of microscale fractures in magma (i). with the
fractures leading to minor fragmentation and outgassing (if). (ifi-iv)
Two mechanisms via which the microscale fractures may evolve
into macroscopic fractures, which leads to an explosive eruption (v).
From Heap et al. (2015).
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iv) Deposition and deformation
Particles withininternal tuffisite veins arethought to begenerated via abrasion of
fracture wallsduring shear failure, anglia spalling from thewalls of extension
fractureq(Tuffen and Dingwell2005) with grains within some external veins inferred
as having formed vimagmawaterinteractionge.g, Heiken et al. 1988)nternal and
externaltuffisite veinscan contain poorly sortedyell sorted planar, cross, graded
(Fig. 129.) and truncatedaminations with the finest grains commonly occurriag
vein margins(Heiken et al., 1988Stasiuk ¢ al., 1996 Tuffen and Dingwell, 2006
These features are thought be sedimentary structuresgcording fluidisation of
particles by gagHeiken et al., 1988Stasiuk et al., 1996 uffen and Dingwell, 2006
The laminatel nature of tuffisite vendilling material is indicative of multiple
depositioml events with truncated laminations recordiregosve phasegHeiken et
al., 1988. Variations in the size and sorting of graimghin individual laminations
arguablyreflects temporal and spatialariationsin the gasgparticle ratio,andcurrent
velocity (Tuffen and Dingwell, 2005 with fracture geometry and wall roughness,
clast to clast interactionshe size of clasts formed during initial fragmentation and
later fragmentation during transpatso likely to be important in influencinthe

characteristics of grains within individual laminations

Figure 1.29. Cross and graded laminations in an external
tuffisite vein at Mule Creek, New Mexico. From Stasiuk
et al. (1996).
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The evolution of internal tuffisite vein@ig. 1.30.) has been reconstructed
from macre to micro-scaletextures in dissected rhyolitic dyk€Buffen and Dingwell
2005). Mosaic micrestructures,micro-fractures withinclastsand trails of angular
particlesareall indicative oflocalisedfrictional stick-slip (phase 2Fig. 1.30). It is
thoughtthat following particle depositionlocalisedshear zonedevelopwithin veins
potentially modifying and partially overprinting sedimentary structureteed rotary
shearexperiments have demonstrated that shear zones can cause the migration of ash
particles resulting in grainsize segregation, whilst also creating localikgdtional
zones with relatively high porositiegLavallée et al., 20D4 Furthermore,
comminutionwill reduce thesize of the coarsest (>10 pmparticles with those
smaller than this not being not significantly altered duslyg(Kennedy and Russell,
2012. Following particle deposition andcomminutionthe nextphase (3)of tuffisite
vein evolution involve stable sliding (i.e.viscous deformationandfolding of shear

zoneg(Fig. 1.30).

initial fracture stick-slip  cohesive com_plete
behaviour deformation healing

COALESCENCE FRICTIONAL HEATING COOLING OR
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Figure 1.30. Phases of tuffisite vein evolution. S, I. R and U correspond to fault vein, injection vein, reservoir zone
and ultracataclasite zone respectively. From Tuffen and Dingwell (2005).
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Such brittle-dudile transitions may resultfrom reducedstrain rate orfrictional
heating with frictional melting possiby promotinga return to viscous deformation
Indeed, frictional melts can act as lubricants on fault plébe3oro et al., 2006 In
addition, stable frictional sliding may have been promoted loyv-pressure
dilatational zones withinshear zoneswhich would encourage volatile exsolution,
increase pore pressures, amereforereducefrictional resistancglLavallée et al.,
2014). The viscously deformed tuffisite veins in the Icelandic dykes are cross cut by
later generations of veir{Tuffen et al., 2003Tuffen and Dingwell, 200§ indicating
thatif viscous heating did occyHess et al., 20Q8ordonnier et al., 2012bt was
ineffective at preveing ductilebrittle transitions (i.e. it was transitory. These
transitions arguably result fromcreases in the strain ra@nd represent the initiation

of another cyclavithin theevolution of tuffisite veingTuffen and Dingwell, 2006

1.8.4. Permeability reduction
1) Welding
Welding (heahg) of melt particlesinvolves sintering atontact pointgFig. 1.3L.),

and porosity reduction through compact{@mith, 1960. Increases ithe degree of

Figure 1.31. Microphotograph of hot stage experiment (taken at
870 °C). Borosilicate clasts (black) are sintering (image courtesy
of Hugh Tuffen)
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welding will cause decreases in tpermeabilityand porosity as clastsexperience
increasing amounts ofiscous strainGiven thatwelding plays an important role in
permeability reductionespecially in tuffisite veingt is important to consider when
evaluating how water escapes from magma.

Sintering is a diffugon related proceséSparks et al.,, 1999and because of
this, the structural relaxation time of a melt (r) providegasonabl@pproximation of
the sintering timescaléTuffen et al, 2003) r is defined asds / G (Webb and
Dingwell, 19904, whereds is the meld shear viscosity and G is the shear modulus
(10 GPa for silicic meltdDingwell and Webb, 198§9Compactiontimescalegt,) may
be approximated by dividing the shear str@nby theshearstrain rate(* ; fuffen et
al., 2003. In this framework the welding time () is equal tor + (o / *).AHigh
temperature deformation experiments have shownhieatelding timescalgrovides
a goodapproximatiorfor the healingtime of smoothwalled fractures(Yoshimura and
Nakamura, 201,0Cordonnier et al., 2012abutit underestimasthe time requiredfor
healing ofroughwalled fractures(Yoshimura ad Nakamura, 20)0The relaxation
time is partly dependent on melt viscosiiynd becausancreasedemperatures will
decrease i s ¢ o,awill tegreaselith temperatureThis has been demonstrated in
high temprature deformation experimenitswhich magma porosity and permeability
decreased with increased tempera{@eadderton et al., 2015This has implications
for the pemeability of conduits and dykdsecause the temperatugll be lowest
nearest to the country rochnd thus, high permeability may be more sustainiabite,
in comparisoro within conduit and dyke interiors.

Given thatuffisite veins are filled with fragments of obsididi,will partly be

influenced by the timescale of particle sinteriid, which is related to the melt

-
viscosity @), particle size and melt surface tensior{l), Q:Fd‘s (Uhlmann et al.,
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1975 Vasseur et al.,, 20)3where r is the radius of the undeformed particleis T
considered, the welding timescale calculation can be modifidd to d + ( 2 +),f
which would provide anapproximationbecause it does natonsider the effect of
crystals(Vasseur et al., 20)3the presence atlatively coolor insolubleatmospheric
gases (Sparks et al., 1999or high pore pressur@€ordonnier et al., 2012aall of
which would i n c r g.&aFarthernidre, if water resorption occurred as a result of
viscous compactign.e., due toa pressure increagériedman et al., 19635parks et

al., 1999, ds would decrease esul t i ng i R, Babbld mayrcdlapsee i n
following gas loss, oif volatiles ae resorbed with resorgion occurring if the
external pressure exceeds the intetmabble pressure(Westrich and Eichelberger,
1994 or via cooling (Mcintosh et al., 2019a because a pressure increase and

temperatee decrease will act to increasater solubility.

i) Vapour phase precipitation
Any permeablepathway that facilitates the movement of magmatic gasesy
potentially become blocked or narrowed via vapophase precipitationif the
conditions for precipitation are metristobalite is a common precipitate associated
with volcanoesandc an be recognised 4&BygyaléesdFighachst
1.32.i), and itforms via thecorrosion of silicarrich glass(Horwell et al., 2013
Schipper et al., 201) with corrosion being possible whei or F arepresentin the
gas phase(Horwell et al., 2018 Schipper et al(2015) describecristobalitefilled
vesiclesin the 201112 CordonCaulle lava flow wherecristobaliteis commonin
relatively isolated vesicles, but rare in connectedclesi This considered, Schipper
et al.infer that a vapour may only corrode/deposit when the permeability of the pore

space isufficiently low.
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Vapour phase precipitates1 ithe form of silica plymorphs (including
cristobalite) existin voids and veins housed within explosively erupted country rock
fragments and dome rocks frooufriere Hills volcanpMontserrat(Boudon et gl
1998 Horwell et al., 2013Fig. 1.2.i), andare thought to havimhibited outgassing
from the upperconduit (<500 m deepFig. 1.2.ii). Similar precipitates surrounded
the Mt. St.Helens 1980 cryptodom@omorowski et al., 1997 and exist within
brecciaeruptedduring the1993 Galeraseruption (Stix et al., 199), but it remains
unclear as to how influential precipitates areaducing outgassing from conduits and

dykes.
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Flgurc 1.32. (i) Backscattered electron image of cristobalite in dome rock from Soufriere Hills volcano,
Montserrat. From Horwell et al. (2013). (ii) Schematic cross section through Soufriére Hills volcano depicting
the possible presence of silica precipitates to a depth of 500 m. From Boudon et al. (1998)

1.8.5. Volcanic earthquakes and geological signature

Volcanic earthquakes can provide important warning of forthcoming voleatiiaty,
and are sometimes indicative of the type of activity to come. Hence, many researchers
have focused their attention on resolving the trigger mechansmd mechanistic
significanceof volcanic earthquakes.

There are four main types of volcarearthquakes, namely volcatectonic
(VT), longperiod (LP), hybrid, and tremor events. LP and hybrid events are

sometimes collectively referred to as kmequency (LF) eventg§Lahr et al., 1994
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Neuberg, 2000 VT events Fig. 1.33.i) have relatively sharghigh frequency (20

Hz) onsets, withrelatively short low frequency (<10 Hz) broadband coda(the
trailing part on seismographdn contrast, LP eventd=ig. 1.33.ii)) have gradational
high frequency onsets, wittelatively long low frequency broadbancbda (Chouet,
1996. Hybrid eventsKig. 1.33.iii) have characteristics of VT and LP eversthey
have similar broadband caglen LP events, but sharp high frequency eveats form

part of thér codas (Neuberg, 2000 and their onsets are similar to VT ongg&houet,
1996. Tremor eventsHig. 1.33.iv) have low frequencies, and are more sustained than
the other types of evenf€houet, 1995 For instance, individual VT, LP and hybrid
events typically last tensr hundredsof seconds, whereas individual tremor events

typically last minutes to days, but they can last for more than a few m@hbsiet,

1996 Neuberg, 2000 Trenor eventgprobablyrepresent overlapping LF events.
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timeins From Chouet (1996).

The source region of VT events can be shallow (depth of a few km) or deep
(depth of 510 km). VT eventsare usually the first sigof an awakening volcano
(Lahr et al., 1994 Chouet, 1995andmay result from the brittle failure of solid rock

(Chouet, 1996Neuberg, 2000or magma(Tuffen et al., 2008 Shallow VT events

63



have been inferred to form during thetrusive formation of cataclasitewhich

sometimesxisss on spine exteriorfNakada et al., 1999LF eventscan also occur in
the upperparts of conduitgLahr et al., 1994Chouet, 1996Neuberg et al., 20060r

in a deeper part 0 km deep) of the magmatic syst€@houet, 1996 The origin of

deeper LF events generallyunclear, but 30 krdeep LP evestthat precededhe

1991 Pinatubo eruptiomre attributed toa basaltic intrusion (Chouefl996 and
references therein).

Shallow LF events are important signals of forthcoming activity, with dome
collapse events and Vulcanian explosions often following LF swékfiler et al.,
1998 White et al., 1998Voight et al., 1999 but such swarms do not guarantee an
eruption (Neuberg et al., 2006 Hybrid events atSoufriere Hills volcanoin
Montserat accompanied periods of inflatioimking them to pressure accumulation
within the shallom(700-800 m deepyonduit(Voight et al., 1998 The similaity of
individual LF waveforms that form LF swarms indicates thair source regions can
reman stationary for several daysyen persisting after dome collapse eveansd
explosive activity andbeingreactivated multiple time@\euberg et al., 20Q6verson
et al., 2008

The prolonged resonance of LF cedaquires the presence of a fl{idhouet,
1988. Shallow LP events may represent the excitation cegrstingfracturesby gas
(Gil Cruz and Chouet, 199Waite et al., 2008 whereas lsallow hybrid events may
represent hydréracturing caused bymagmawater interaction (Shepherd and
Aspinall, 1982, stickslip motion at the marginsf a rising magma colum{white et
al., 1998 Iverson et al., 20Q6Kendrick et al., 201.2Kendrick et al., 2014 or the
shear &ilure of magma(Goto, 1999. Tuffen et al. (2008 argued thatmultiple

generation of tuffisite veingFig. 1.5) within a shallovy (<50 m deep)issected
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rhyolitic dyke provide evidence for the repeated fracturing and healing (RFH) of
magma The likelytimescale of the RFH process (time required to accumulate enough
stress for fracturing and for welding to occis)tens of minutes to ~100 dayand
broadly similar to thetypical repeat time (tens of hours to a few days) of LF events
(Fig. 1.34.). Consdering this, along with the textural evidence, the RFH process may
be responsible for LF swarmgTuffen et al, 2003) This trigger mechanism is
appealingbecause it unifies previous conceptip@as brittle magmafailure would
explain the high frequencgomponent of hybrid earthquakewhereas the low
frequency coda of LF events may reflect ,gaisparticles and gaflowing through
fractures A swarm of preexplosionLP events at Tungurahua Volcaimo Ecuador
may have resulted fronthe incremental filling of pre-existing fractures with ash
(Molina et al., 2001 Indeed, ashladen fluids flowing through tortuous fracture
networks have been experimentally shown to producdikeF acoustic signals
(Benson et al., 2008 In addition, some of thesignals produced during these
experiments wereimilar to hybrid eventsrepresentinghe coupledeffect of the
flowing fluid and fresh fracturing driven by high fluptessureThe textures produced
during these experimenigere described as being akin to the fault rock within internal
tuffisite veins in Icelandic rhyolitic dykes (e,g.uffen and Dingwell 2005).

In consideration of the studies mentionadhis sectiorit is possible thav'T
events andigh-frequencycompments of hybrid eventesult from the fracturing or
comminution of cold roclor magma. In contrast, the ldnequency codas of LP and
hybrid eventsare probably linked withlgas or particles and gas flowing through
fractures.Unfortunately, seismic data for rhyolitic volcanoese relatively lacking
(Carn et al., 2009when compared witinore mafic volcanoes such @oufriere Hills

volcana Nevertheless, multiple generations of tuffisieins within rhyolitic dykes
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arguablyshed light on seismic triggersith the timecale of fracturing and healing
comparable to theepeat time of hybrid earthquakes formed during more mafic
eruptions (Tuffen et al. 2003Fig. 1.34.). Following the eruption ofChaitén the
Chileangovernment developed a new rdate monitoring network

(http://www.sernageomin.cl/volcanes.phpwith the purpose of improving the

monitoringo f Chi | erB@ksvoldanoggRarsdt al., 2009 Therefore,forging
links betweenvolcanicearthquaketriggers and vent activity athyolitic volcanoes

will undoubtedly improve

107

108 )
no failure

timeins

Figure 1.34. Solid black lines are RFH cycle

10° 4 v 1 timescales for different strain rates indicated in
108 10° 1010 ‘1011 1012 1-‘.')13 10“ 1015 10'® units of 5!, shaded area represents the repeat time
magma viscosity in Pa s of LF earthquakes From Tuffen et al. (2003).

1.9. The rational e, objective and approach of this research

Important insighhasrecentlybeen obtaineihto rhyolitic eruptionsvia observations
of the Chaitén and Cordon Caulleeruptions and via analysis ofther deposits
However, the conduits of these volcanoes are unexpasgkingit difficult to link
the subsurface condyprocesses with vent activitpissectedhyolitic dykes provide
anin-situ record of the processes that took pldizeng theintrusive emplacemeruf
magma. fiese processegereprobaby very similar to the process that toolplace in

the shallow (<500 m deep) parts of tB@daiténandCordén Caulleeonduitsduring the
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postPlinian eruption phasesThis thinking underscores the rationale behind this
research.

The broadaim of this researcivasto gain insight into magma emplacement
and deformation within shallow (emplacement depths <500 m) rhyolitic dyitelst
asessing how these processes #ra nature of the country rock influence magmatic
outgassingBubbles are importartb considemwhenevaluatingmagmatic outgassing
Therefore, he first objective of this studyasto establish how bubbles formed and
evolvad throughout magma emplacemeiind as tuffisite veins are considered
important facilitators omagmaticoutgassinghe seconabjectiveinvolved assessing
how external and internal tudfte veins formed and evolvetthroughout magma
emplacement. 8cause outgassimgasthe subject of interest itagalso established as
to whether magmatic water escaped from the dykes. The research questions:include

1. How did bubbles form and evolve throughout magmmmgolacemenand what
role did they play ilnagmaticoutgassing

2. Howdid theexternal and iternal tuffisite veins formhow did their
permeability evolve throughout magma emplacenemd what role did they
play inmagmaticoutgassing?

3. Did water escape from the magma, and if so, how did it escape?

4. Are magmatiowvater conentration gradients modified during magma cooling
and the reactivation of tuffisite veinand if so what can they really tell us
about magmatic outgassing

The unique approach of thiesearchinvolved a detailed micro- to macrescale
analysis ofthe textuwes and dissolved water contantrhyolitic dykes focusedon
Icelandicdykes at two localitigsnamely SE Raudfossafjoll and Husafell. The former
location was chosen because the dykes contain tuffisite (fauffen, 2001 Tuffen et

al., 2003 Tuffen and Dingwell, 200 and because the peeuptive wateicontent is

known (Owen et al., 2013aThe latter locality was chosémecause the dykes hadtn
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been studied in detail, with only their locations marked on a geological map
(Saemundsson and Noll, 1974nd their bulk geochemistry determined (Kristjan
Seemundson, pers. comm. 2012Jhe Huasafell dykeslso offered an opportunity to
conduct detailed observations of dyé®untry rock contacts, which is not possible at
SE Raudfossafjoll. In addition, it was regarded as a possibility that the dykes may
have had different emplacement depths; the emplacement depth of BEhe S
Rauodfossafjoll dykes was ~BD m (Tuffen, 2001 Tuffen et &, 2003 Tuffen and
Dingwell, 2005, whereaghe emplacement depth of the Husafell dykes had not been
estimated prior to this study.

Field excursions were conducted in the summers of 2012 and, 20iBg
these excursionghe dyke textures were studied and samples waléected.
Petrological thin sections and wafers (~430D um thick double polished obsidian
sections)were made. Texturda the thin sectionsvere analysedsing a petrological
microscope and a scanning electron microprobe. mhaeroscale dissolved water
content in the wafers was measured usingeachtop Fouriertransform infrared
spectroscopeand the macre to micro-scaledissolved water content was measured
with a synchrotrorsource Fourietransform infrared spectroscogeurther details of

the methodologies are providedtire following chapter
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Chapter 2: Methodology and
errors

2.1. Recording sample elevations using a 3D model

2.1.1. Methodology

Sample elevations from one of the dykes (Thumall) at SE Raudfossafjoll were
determined by using a 3D model constructed from multiple photographs, using the
method of James and Robson (2012The model was used because it enables
elevations to be determined at a high precisicomparedto the precision of a
handheld GPS. Samples were collected and their locations were marked with
numbered yellow stickers. Multiple photos were then taken of the dyke using a digital
Canon EOS 500D singlens reflex camera. Image collection was completedcan
overcast day in order to avoid shadows. Multipl&)Photos were taken at different
positions encompassing the dyke; each position wag0~% from the dke, with a
spacing of ~2 m~800 images were collected in tgtal

To construct the 3D moded, freeware package
(http://blog.neonascent.net/archives/bungieotogrammetnpackage/ by J. Harle)
was used that uses a Structure From Motion application called B(8dkvrely et al.,
2006 Snavely et al., 2008Snavely et al., 2008aand a Multiview Stereo dense
matcher called Patebased MultiView Stereo ¢Furukawa and Ponce, 201@undler
matched distinctive featurdkat arevisible in multiple photos, and a sparse point
cloud was generated, represegtthe coordinates of the features in-38pace. The
Multiview Stereo dense matcher then also found distinctive features that are visible in

multiple photos, but in contrast touBdler, relatively dense patches of the features

69



were constructed, with the relative position of each patch previously computed by
Bundler; together the patches form the 3D model of the dyke.

To orientate the 3D model a walking pole was secured in the sear the
dyke and placed as near to vertical as possibier;, o taking the photos. In addition,
two meter rules were placed on the dyke that would be used later to apply a scale to
the model. The model was orientated and a scale was added by udiatipb®
software tool called sfm_georédames and Robson, 20172 his involved marking
points at the ends of the walking pole and the metlmsrin multiple photos. The
model was orientated by defining the walking pole as vertical and as representing the
z-axis on the model, and a scale was applied by assigning the distance between the
points on individual meter rules a value of 1 m.

The elevation ofa position near the top of the dyke was detieied in the field
by taking GPS readingsvith threehandheld GPS devices. The readings were 1177 m
a.s.l., 1180 m a.s.l. and 1180 m g.¢hle average (1179 m a.s.l.) of these was used as
the referace point and ample elevations were calculated by measuring the distance
along the zaxis on the 3D model between tteference poinand the yellow stickers
(sample locations). The measured distances were then subtracted or added (below or
above 1179 m respectively) from or to 1179 m to give the elevation of each sample.
All elevations were determined this way, excluding the lowest Eamyhich was

estimated using a handheld GPS because it is not on the 3D model.

2.1.2. Error

Relative sample elevation errors mostly stem from the walking pole not being truly
vertical. Therefore, to estimate the error associated with the sample arleviaitivas

assumed that the walking pole was at an angle of 80°; this is thought to be the worst
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case scenarjdecause care was taken to position the walking pole as close to 90° as
possible. Trigonometry was thenedlsto determine the error amehs calclated as

being 0.02 m over 1 rfe.g.,Fig. 2.1). Therefore, a sample with an elevation of 1170

m will have an error of 0.18 n. 1 7911 7d 0l )& a sample with an

elevation of 1150 m will have an error of 058 M1 791150 mi)Y. 0. 02

i

walking pole vertical

no error

distance between samples
measured to the vertical

wa\lking pole vertical
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im X X =sin 45° x 1=0.70
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¥ =sin 80" x 1 =0.98
error=0.02 mover1m

Figure 2.1. Example of how the error associated with the sample elevations was determined. See main text for
further information.

2.2. Scanning electron microscopy

2.2.1. Principle

Scanning electron microprobes (SEMs) can be used to produce high resolution images
of a sample, and also to determine the relative concentration of different elements

within a sample. The main component§ an SEM include an electron gun,

71



condensers, apertures, deflector coils, specimen stage, detectors, \ewdium
system. During SEM analysis a filament is heated to about 24@Ré€&d, 200bin
the electron gurresultingin the emission of electrons. Filaments are commonly made
of tungsten, duéo its high melting temperature (3422 °C), high tensile strentgtv,
coeffident of thermal expansion amalw vapour pressure. Once emitted, the elections
pass through the condensers and apertures, resulting in a beam of electrons, with a
minimum beam diameter of ~8machievable with a tungsten sourd®eed, 200b
The beam is directed by the daftor coils in a raster fashion across a sample. During
the scan, the beam will penetrate the sample surface to a depth of ~2 orders of
magnitude greater than the beam diam@tézlls, 1973. Analysis must be completed
under vacuum cdlitions because the presence of atmospheric gas can cause the
filament to burn outwhilst also causing electron scatterifieed, 200b

The raster scan area is an€tion of the magnification, with higher
maghnifications representing a smaller area; magnifications ofL8%.@re achievable
with most SEMqReed, 200% Image resolution is largely dependent on the working
distance and beam diameter, with resolution being greater when the working distance
and beam diameter are smaller. Some SEMs amdneve a resolution of <1 nm

(http://www.nanotectnow.com/news.cqgi?story _id=42612but more generally, a

resolution of ~2100 nm should be expectédeulen et al., 2007 Two types of
images can be produced during SEM analysis, namely secondary electron (SE) and
backscattered electron (BSE) imag&E images are used to analyse specimen
topography, whereas BSE images are used for textural analysis and to reveal
geochemical variation§Reed, 200p Some SEMs also have-tdy spectrometers,

allowing the relative amount of different elements to be determined.
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SE images are produced via inelastic scattering interactions between incident
electrons and atomic electrons. Basically, the incident electrons cause inner atomic
electrons to be ejectdfFig. 2.2), and these ejected secondary electrons are detected

by secondary electrodetectorgEchlin et al., 2018 In contrast to SE images, BSE

ejected electron%
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electron jumping from (% Figure 2.2. Schematic illustration
outer to inner orbit showing an inclastic scattering

o interaction. Shightly modified
characteristic X-ray A from Bushberg et al. (2011)

images aregproduced via elastic interactions between indidgectrons and atomic
nuclei, with hese interactions angy as incident electrons get deflected by the
positive charge of the nucleig. 2.3; Reed, 2005). The angle of deflection will be
greater when the atomic mass is highelectrons that are deflected by a large amount
will not have travelled as far between emission and detection, relative to electrons that
are slightly deflecte@Reed, 200b Because of the greater distance travelled, electrons
that are deflected by a small amount will lose more energy before hitting the detector
than those deflected laylarge amount. The intensity of BSE images will therefore be
stronger (lighter shade of greyhen the atomic mass is high@&@inibre et al., 2002

Reed, 2005Humphreys et al., 2008BSE analysis requires using greater voltage and

lower vacuum pressure than SE analysis becelasgtic interactiongnvolve deeper
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penetration of atoms than inelastic interactioDsstinguishing between secondary
electrons and backscattered electronpassible,as secondary electrons hawmuch

lower energies than backscattered elect(®eed, 200b

path of incident electron

nucleus of target atdm Figure 2.3. Schematic illustration showing an elastic

scattering interaction. Redrawn from Reed, (2005)

Vesicle, fracture or sample edges may have strong intensit®SE images
relative to the flat surface ad samplewith the same composition because more
electrons can escape fromgesl than from flat surface (Fig. 2.4), producing a

relatively enhanced signal. In addition, in BSE images regdimaishavehigh atomic

(b} |
¥

Figure 2.4. Schemanc illustration showing why a greater signal 15
produced in a SEM scan from the edge of a sample (a), relative to a
flat part of the sample (b). From Reed, (2005).

mass may be surrounded by haloes wihatively weak intensiés This is probably
because the energy released from the region with a high atomic mass causes saturation
of the detector, thus electrons released from the haloes are not detected.

During SEM analysis<-ray spectroscopic analysmsay be completedas X-
rays are a byproduct of secondary electron emissiolsg( 2.2); following the
ejection of an inner atomic electron (secondary electron) an atom is left in an excited
state, and an outer atomic electron will move to fill the space previously occupied by

the inner electron, bringing the atom back to augw (or unexcited) stateush
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electron transitions release energy in the form-o&ys Given that atomic structure is
unique to individual elements the energy released during electron transitions will be
characteristic of individual elements, andstis why X-ray spectroscopic analysis can

be used to determine the relative amount of different elements.

2.2.2. Backscatter electron imaging and element
mapping

For the purpose of this studgackscatteelectron analysis and-Ky spectroscopic
analysis were completed. One of the reasons for using BSE imaging was because it
allows textures to be analysed at much higher magnifications than possible with a
petrological microscope. Textures fr@k Raudfossafjoll and Husafell were analysed
using BSE images. BSE imaging was also used to determine if variations in the mean
atomic number exist around fractures, tuffisite veins and in different coloured
obsidian. Xray spectroscopy was used to detemnihe relative amount of some
major elements within the Husafell samplas assesthe extent and naturd post

magmatic alteration, artie cause of colour variations within obsidian.

i) Methodology
SEM analysis was completed with a HitachB&ON SEMinLei cest er Uni ve
Geology Department. Polished petrological thin sections were prepared at the
CEPSAR Science Faculty of The Open University. Prior to SEM analysis the sections
were coated in #in (~2-20 nm thick) layer of carbon akeicesterUniversity. This
electrically conductive coating prevents charging ,(tke buildup of a negative
charge via the addition of electrons), whilst also increasing the amount of electrons

that can be detesd, thus increasing the signal to noise ratio. Samples were adhered to
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the specimen stage with an alcehaked silver paint, and SEM analysis was
completed using high vacuum (1x510° Pa) conditions. BSE images were collected
using avoltage of 15 kV, a working distance of13-15 mm, with each image
composed of 8200 scans. Xay spectroscopic element mapping was completed in
SE mode, using the samaeltageand a working distance of 15 mm; points of interest

were chosen using a software pagé called INCA.

2.3. Benchtop and Synchrotron -source Fourier -transform
infrared spectroscopy

2.3.1. Principle

Fouriertransform infrared spectroscopy is a rd@structive micreanalytical
technique that was used to measure the magmatic water caticentn glassy
samples from SE Raudfossafjoll and Husafell. In the Benchtop Fdraresform
infrared spectroscope EHIR) infrared radiation is emitted at a range of wavelengths
from a glowing blackbody source, whereas the infrared radiation emittedhén
Synchrotrorsource FTIR (SFTIR) involves the acceleration of charged particles. Both
techniques involve the transssionof an infrared beam through the sample, with the
amount of beam absorption at specific wavelengths being displayed in a spectral
output. Absorption at specific wavelengths will depend on the amount of water
present in a sample, together with sample thickness and density. Thus, if the sample
thickness and density are known the water concentration may be calculated. The
radiation prodaed in the SFTIR has a much greater spectral flux and brilliance than
that produced in the BFTIRWillmott, 2011). Therefore, a smaller beam size and
higher spatial resolution may be achieved with the SFTIR in compattsdhe

BFTIR.
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2.3.2. Methodology

The water content was measured in doyddbshed obsidian wafers, ranging in
thickness from ~68 50 & m. These wafers were made
using a thin section saw to cut a 1 rimck slice of rock; if tuffisite veins were
present the dusurface was orientated perpendicular to the vein margins. Then, the
rock section was ground down with the aid of a little water by using a lapidary
machine. Four different grades (320, 600, 800 and 3000) of diamond coated lapidary
discs were used to aevie polished (scratetnee) surfaces. If rock sections were large
enough, they were held on the lapidary disc with one finger. However, if samples
were too small to be gripped in this way during the final stages of polishing, they were
mounted on glass sgkes using Crystalbond adhesive. The samples were removed from
glass slides via heating on a hot stage at 100 °C, which melted the Crystalbond. Any
residual Crystalbond was removed from the wafers by rinsing them in acetone.
Heating of the samples to 100 %Bould not alter the water content. This is because
analysis of hydrogen isotopes and the water content of obsidians has previously
demonstrated that heating below 150 °C does not alter the water content of samples
that contain ~0.1-8.17 wt. % wateNewman et al., 1986 which is similar to the

water content of the SE Raudfossafjoll samples. However, based on their findings,
Newman et al. (198 suggested that heating to <150 °C may release water from
waterrich (>1 wt. % water) samples. The Husafell samples contain ~4 wt. % water;
therefore, to avoid affecting the water content, the Husafell wafers were not mounted
during wafer preparation, tis avoiding the need for heating. It was later realised that
avoiding heating was probably unnecessary, because it is likely that only meteoric

water would be released at temperatures <15(Rulilia et al., 2006Denton et al.,
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2009 Denton, 2010 Denton et al., 2012 and the magmatic wateontent is of
interest here.

After making the wafers, photos were taken of them ,(&m. 2.5), by
placing them on a light box below a digital Canon EOS 500D siegke reflex
camera, with a 80 mm macro lens, mounted on a tripod. The position SFFIR
and BFTIR measurements were marked on the photographsr iMafaesses were

determinedising a Mitutoyo digital displacement gauge.

sample 3ei, wafer A

sample dei, wafer A

Figure 2.5. Some of the handmade obsidian wafers from Thumall (SE Raudfossafjoll) that were analysed with
the BFTIR and SFTIR.

Prior to taking water measurements, each sample was rinsed and wiped with
acetone to remove any dirt or atmbsgc water. The water content was measured in
crystatfree and craclfree obsidian by using a Thermo Scientific Nicolet BFTIR at
Lancaster University and the SFTIR at the Diamond Light Source Facility in
Oxfordshire. Each measurement was obtained from 8&#&ns, with spectral
resolutions of 4 cm and 8 crit for the BFTIR and SFTIRrespectively. The
analytical area of each measurement was
SFTIR, respectively, and background speatrwere collected every hour, or aift
analytical rungf the runs took longer than an hour. Five measurements were made

with the BFTIR along two transects (j.e. total of ten measurements) in each wafer,
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and 100 to >1000 measurements were made across multiple transects and maps within
individual wafers using the SFTIR.

Once the measuremsnivere completedh linear baseline correction was
manually applied to individual speuatn (Fig. 2.6), by using the Thermo Scientific
OMNIC Software and Bruker OPUS 6.5 software for sgefibm the B-TIR and
SFTIR, respectively. A linear baseline correction was used because this baseline was
found to cause the lowest deviation in the water content for repeated corrections of
individual spectum, relative to other types of baseline correctisac{ion 2.3.6.i\).

The dissolved water content in the SE Raudfossafjoll samples was determined by
using the 3570 crhpeak, which represents total waterQ i.e., water dissolved as
hydroxyl groups QH) and molecular water @@, Newman et al., 1986). Other
peaks are related to individual water species; for instance, the 16504660 cnt

and 5200 cril peaks relate to #0, OH and HO, respectively (Newman et al.,
1986). However, the water content in the SE Raudfossafjoll samples is too low for any
measuable absorption at these peaks. In contrast, the 458Cancth’5200 cnii peaks

were used to determine the water content in the Husafell samples, because these
samples contain more water. Due to the high water content of the Husafell samples,
the 3570 crit peak is saturated, and thus unusable. Absorption values were converted
into the weight fraction of bO; by using the Beetambert law given below(Stolper,

1982; Newman et al., 1986; Owen 2013), wheire the weight fraction of pO;, mis

the molecular weight of water (18.02 g/mad),is the absorbance,is the sample
thickness in cmy is the sample density in g/L, atitis the absorption coefficient in
L/(mol-cm).
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2.3.3. Estimating sample density

Measurements of the dissolved water concentration were only made in -fesacle
samples. Sample densities were determined by measuring the mass and volume of
each sample. The mass of each samyas determined by usingdaital Fisherbrand

PF203 balance andraluesspanned 2130 g. Sample volumes were determined by
using the water displacement method, which involved filling a graduated cylinder with
water, and recording the water volumde sample was then submerged in the water,
and the cylinder was tapped to free any air bubliles water volume was then
recorded again. The initial water volume was subtracted from the water volume that
contained the sample to give the sample volume. Bylidg the mass (in g) by the
volume (in ml) the density was determined ierg®; the density was then converted

into g/L for use in equation 1.

2.3.4. Choosing absorption coefficients

Absorption coefficients for rhyolitic glasses can vary with samplepasition
(Newman et al., 1986Silver et al., 199)) temperaturdSilver et al., 1990and the

total water contenfNewman et al., 19961t has been suggted that two absorption
coefficients should be determined for the ~3570" gmak, one foOH and the other

for H,Om (Newman et a).1986; Silver et a).1990). Howeverleschik et al. (2004
suggested that composition has little effect on the absorption coefficient, and that
using two absorption coefficients is unnesaay, with the use of one coefficient not
changing the water content beyond analytical error. Also, samples with low
concentrations (<0.2 wt. %) of water are likely to contaiimarily OH’, so one
absorption coefficient should suffice (Stolp&882; Newman et al1988; Silver et

al,, 1990).
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Due to the potential sensitivity of absorption coefficietgwman et al.
(1986 suggested that when determining the watertext via infrared spectroscopy
an absolute method should also be used to determine the water content, such as Karl
Fischer titration (KFT) or Nuclear reaction analysis (NRA), and in doing so,
absorption coefficients can be determined for each sample of inteeeshik et al.
(2009 used five distinct analytical techniques (including BFTIR analysis) to
determineH,O; in natural and synthetic rhyolitic glasses, and these authors found that
for samples containing G:& wt. %H-0;, an absorption coefficient of 77.6 +3.4 | mol
cm* could reproduce the water content within analytical error. They also found a
systematic difference between the water content determined usingrkiFNRA, and
to account for thishey calculated a mean absorption coefficient of 80 +4.9 T ol
! which they @1y is adequate to use for wapmor (<2 wt. %) rhyolitic glass. The
3570 cm' peak was used to determikgO; in the SE Raudfossafjoll samples, which
all contain <2 wt. ¥H,0;. Therefore, an absorption coefficient of 80 fooh® was
used in thistidy. Using this value is in agreement with previous stufkeg, Owen.,
2013.

The water content of the Husafell samples was determined by using the 4500
cm™* and 5200cm* peaks, which are unique @H and HO,, respectively(Newman
et al., 1985, and by using absorption coefficients of 11780l cm*and1.611 mol™
cm*respectively These coefficients were validated by compatita@; determined by
adding together the concentration®@f and HO, determined using the 45@Hn™
and 5200cm* peaks respectively (Newman et, d1986)with H,O; determined using
the 3570cm™ peak. This was possible by using the data provided in Stqlj282a),
which includes absorption at these peaks for five obsidian samples. Absorption

coefficients of 1.73 mol™* cm™ (Newman et al., 19961.611 mol* cm™ (Newman et
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al., 1986 and 80l mol™*cm™ (Leschik et al., 2004vere used for the 4508m*, 5200
cm?® and 3570cm?’ peaks respectively. A good correlation exists betwieled;
determined by using the two methodsg( 2.7), which validates using absorption

coefficients of 1.73mol*cmtand1.611 mol*cm™.
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Figure 2.7. Comparison of the dissolved total water content,
determined using different methods; see main text for further
information. Data is from Stolper 1982a.

2.3.5. Constructing solubility pressure curves

To determine the pressure conditions within one of theRaHAfossHOll dykes
(Thumall) at the time of emplacement, solubility pressure curves were calculated and
compared with the water content at different elevations within the dyke; a similar
method has previously been used to reconstruct {edethicknesse (Tuffen et al.,

201Q Owen et al., 20120wen, 2013 To calculate the cues, the saturation
pressures for water concentrations of-0.4 wt. % were determined by using
VolatileCalc(Newman and Lowenstern, 20021 VolatileCalcthe user can define the
sample composition, magmatic temperatarel the concentration of CQthese were

set as rhyolite, 808C, and 0 ppm respectively (reasons for these choices are provided
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in chapter 4 section 4.5.). The VolatileCalc outpyprovides the pressure (in baeg)

which a given amount of water would be dissolved in the magma. This pressure was
converted into Pa by multiplying it by 10and then converted into depth by using the
following equation,

AADOBOAODBABA OEQA OE OMDOAA 1T AdvhedeEdpth is in m,
pressure is in Pa, density is in kg®, and gravitational acceleration is in 7.
Multiple curves were constructed in this way, with each curve representing a different
thickness and density of overburden. The overburden represents tHélitaydhe

dyke and the eroded lava cap, which were assumed to have the same density. The
thickness of the overburden was changed to represent different lava cap thicknesses
For exampletoday the highest part of the dyke is ~1180 m a.s.l., thus, aeahp

1165 m a.s.l. would have had an emplacement depth of 25 or 35 m, if the lava cap was

10 or 20 m thickrespectively Fig. 2.8).

20 m thick

lava cap

highest part of dyke
today (~1180 m a.s.l.

sample with an elevation of
1165 m a.s.l. had an
emplacement depth of 25 m

highest part of dyke
today (~1180 m a.s.l.

sample with an elevation of
1165 m a.s.l. had an
emplacement depth of 35 m

Figure 2.8. Schematic illustration explaining the conditions represented by the SPCs.

2.3.6. Errors

Errors associated with the dissolved water concentrations will stem from the choice of

absorptioncoefficient, inaccuracies in sample density and thickness estimates, and

inconsistencies in the manual baseline correction of iIspentd in reading the peak

heights (amount of absorption). The errors associated with absorption coefficients and
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density wil cause the estimated water content to change by the same amount for each
sample. In contrast, errors associated with thickness estimates are unique to individual
measurements, because wafer thicknesses are variable. The error associated with the
baselinecorrection and peak height may fluctuate with each sample, because subtle
variations do exist between the formsimdividual spectrumbut any fluctuations in

this error are likely to be small, given that this error is snsalttion 2.3.6.iy.

i) Absorption coefficients

For the3570 cm' peakLeschik et al. (2004suggestedhe absorption coefficient of

80 = 4.9 | mol* cm™. This considered, the water content was determined using
coefficients of 75.1, 80 and 8419mol™* cm’. The positive error represents the
difference between the water content determined usiagormer two coefficients,
whereas the negative error represents the difference between the water content
determined using the latter two coefficients. The positive and negative errors
associated with the absorption coefficient for the 3570 peak ae 6.5% and 5.8 %
respectively. These errors are relevant to the SE Raudfossafjoll samples in which the
3570 cn' peak was used to determine the water content.

For the 4500 ci peak Newman et al. (1996suggested an absorption
coefficient of 1.73 0.021 mol* cmi*. This consideredhe dissolved concentration of
hydroxyl groups was determined using coefficients of 1.71, 1.73 and th@s cm™.

Again, the positive error will represent the difference between the water content
determined using the former two coefficients, wherdas megative error will

represent the difference between the water content determined using the latter two
coefficients. The positive and negative errors associated with the absorption

coefficient for the 4500 cthpeak are 1.2 and 1.1 %respectively. These errors are
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relevant to the Husafell samples in which the 4500 gmak was used to determine
the water content.

For the 5200 ci peak Newman et al. (1986suggested an absorption

coefficient of 1.6+ 0.051 mol™* cmi*. This considered, the dissolved concentration of
hydroxyl groups was determined using coefficients of 1.56, 1.61 and mé6 cni™.
The positive error will represent the difference between the water content determined
using the former two coefficients, whereas the negative error will represent the
difference between the water content determined using the latter two coefficients. The
positve and negative errors associated with the absorption coefficient for the 5200
cm* peak are 3.2 and 3.0 %respectively. These errors are relevant to the Husafell

samples in which th8200 cni' peak was used to determine the water content.

i) Sample density
The density estimates of the glass are limited because they were made using bulk rock
samples, and estimates therefore include phenorists some micr@racks exist
within the samples. However, the estimates are thought adequate becausesitiie de
estimate for the SE Raudfossafj6ll samples is similar to the density estimate for other
samples from Torfajokull volcano (Owen et al., 2012; Owen, 2013), and to the density
estimated using the KWare Magma Software (Wohletz, 2002) and sample
compositon (Tuffen, 2001;seesection 4.5.1). The errors associated with density
estimates will stem from limitations in determining the mass and volume of samples.
Error associated with the measurements of mass will result from the accuracy and
precision of the digital balanc&lo error is associad with theaccuracy, as the
balance is regularly calibrated layK. E. Grisdale service engineelgnd from ten

repeat measuremeraf a samplenith a mass of ~50 the precision was found to be
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<0.004 g. Considering that the sampleasses spa20-130 gthe eror associated with
masss negligible.

To determine the error associated with volume estima@sen (2013)
calculated the volume afbsidiancubes and compared thesigh volumes determined
using the water displacement method and she founddiuenes differed by3 %.
Therefore, the error associated with the density is taken as being 3 %h&ugh the
Husafell and SE Raudfossafjidamplesvary in composition, the average density
estimate for obsidian samples from both locations was estimatbeing 2400 k>,
The positive and negative errofer both locations were thusletermined by
decreasing anéhcreasing this density by 3 % givirdensities of 2328 kgn® and
2472 kgm™ respectively. The water concentration was then determined trsse
densities and it was establishieg how much the water concentration deviated from
that determined using the density of 2400nkg. By using this method the positive
and negative errors associated with density were found to be 3.0 and,2.9 %

respectively. These errors are relevant to the Husafell and SE Raudfossafjoll samples.

iii) Wafer thickness

Underestimates of wafer thicknesses will result in overestimates of the water content,
with thickness overestimates resulting in underestimatethe water content. The
thicknesses of the wafers were estimated by using a Mitutoyo digital micrometer. The
precision of the micrometer was tested by repeatedly measuring the thickness of a
wafer in two places ten times; the thicknesses at both losai®@3 um and 115 um)

was the same in both sets of ten measurements. This considered, the precision of
micrometer is deemed as being high enough to neglect angiprelated errors.

The micrometer has an accuracy d@ + g@wen, 2013 This forms the first part of
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the error associated with measuring wafer thicknesses, with the second part occurring

if the thickness is masured in a different positidrom theanalysed area. This latter

error is introduced because individual wafers are never a uniform thickness. For
instance, wafers often thin towards their edges; the maximum variation in the
thickness of a individual wder was measurelnd f ound to be 40 & m,
the maximum variation was found to b € € m. However, this ma
represents differences between the centres and edges of wafers, and is thus not
representative of the difference between the thickness at the location of the thickness
measurement and at the position in which the medatent was analysed. In reality,
thickness measurement positions are thought to have closely aligned with the
positions at which the water concentrations were measured. The reason for this
thinking is built from estimating variations in the alignmenhiat involved placing

ten ~0.5 mm wide spots on whitack attempts were then made to hit the spots with

the micrometer, and all spots were hit on the first attempt. Théiparf the digital
micrometer has a diameter of 1 mm and because of this|ikeig to have always
encompassed the areas in which the water measurements were made, as the areas were
smaller than the area of the tip (~0.8 fnit is possible that wafer thicknesses varied

across this area, but such variations are thought to begibbglithus, the error
associated with thickness measurements will just be takeratastociated with the
accuracy (N3 em) of tetharea hds a unmusiekhesst the Ea c h
error associated witlthickness isthereforeunique to each measement. For all
measurements from Husafell and SE Raudfossafjoll the error associated with
thickness caused the water concentration to deviate by a minimum and maximum
amount of 0.90 % and 4.88 % respectively; individual error values for each

measuremerdre provided irA.3.8. andA.4.1..
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iv) Baseline correction and peak heights

The software packages that were used to basetimect spectrallow three different
typesof baseline to be used, namgglynomial, linear and spline. To assess which
baseline produced the most consistent resdtsh baseline was repeatedly applied
(ten times) to one speatn from four samples, with the total number of corrections
being 120. A linear baseline produced tbmallest variation in peak height
measurementsTable 2.1) andwasthereforechosen as the best baseline to use. The
ten baseline corrections and peak height corrections that were done for the four
samples with the linear baseline produced very consistater concentrations, with

the maximum percentage variation for the individual samples being 0.5 %, 1.2 %, 1.3
% and 1.7 % Table 2.1); the average of these four values is 1.2 %. Therefore, the
positive and negative errors associated with the basetinection and the peak
heights are taken to be 1 %. This error is relevatioth the SE Raudfossafjoll and

Husafell samples.
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Table 2.1, Comparison of the amount of deviation in the water content by using different baseline corrections

mean water max. difference in water max. difference in water
sample baseline | content (Wt..%) of | content (wt. %) over 10 content as a percent of the mean ofpercent | mean ofpercent
10 corrections corrections mean water content mean ofper'cent difference difference
lei (2012)| linear 0.100 0.001 1.2 difference linear polynomial spline
lei (2012)| polynomial 0.103 0.001 1.2
lei (2012)| spline 0.099 0.002 24
2e (2012) | linear 0.132 0.002 1.7
2e (2012) | polynomial 0.147 0.064 43.6
2e (2012) | spline 0.120 0.002 1.8
3ei (2012)| linear 0.105 0.001 0.5
3ei (2012)| polynomial 0.118 0.001 04
3ei (2012)| spline 0.100 0.001 1.0
4ei (2012)| linear 0.139 0.002 1.3
4ei (2012)| polynomial 0.144 0.001 0.6
4ei (2012)| spline 0.138 0.002 1.3
1.2 11.5 1.6
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2.4. Bulk rock X -ray Fluorescence

2.4.1. Principle

The bulk rock major element composition of the Husafell samples was determined by
the technician staff dteicester Universityusing a PANalytical AxioAdvanced X

ray Fluorescence spectrometer (XRF).sTt@chnique involves generating a beaim
X-rays within an Xray tubeand focusing the beam onto a sample. Wheamaple is
bombarded with Xaysatomic electrons on inner orbits are ejected, which lethess
atom in an excited state and an outer atomgctein will move to fill the space
previously occupied by the inner electron, bringing the atom back to a ground (or
unexcited) state. Such electron transitions release energy in the formapé Xsiven

that atomic structure is unique to individual elense the energy released during
electron transitions will be characteristic odividual elements, and thusample

composition.

2.4.2. Methodology

The samples were prepared for XRF analysis at Lancaster University. This involved
placing small chips (~tm in size) of a sample within an agate vessel that contained
five agate ballsthe vessel was then placed within a Retsch PM 100 Pulveriser
machine for ~8L0 minutes at a speed of 400 rpm. This technrgdeces the sample

to fine dust, witha similar grade to talcum powdeequired for XRF analysis. The
vessel and balls were thoroughly cleaned with acetone before and after sample
pulverisation. The pulverised samples were then seritetoester University for
analysis, where they were made into fuskdgbeads, with ~1 g of powdanalysed

per sample. Prior to analysis, beads were heated to a temperature of 1050 °C and held

for 1 hour to release any volatiles, with the amount of weight loss equating to the loss
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on ignition (LOI). Standard MR@ was anajlsed simultaneously with the samples.
The major element composition of each sample was emailed to me in an Excel
spreadsheet, witthe LOI values also provided he weight percent of each compound
was recalculated to exclude LMy adding together the wdig percent of each
compound and determining the weight percent of each compound as a percent of this

total.

2.4.3. Errors

The error Table 2.2) was calculated by determining the difference between the
measured values from standard MR@nd those provetl in the GeoRem database
(Jochum et al., 2005The weight percent of each compound in sample MR&as
determined byGovindaraju (199% exceptFe,0Os; which was determined bBédard

and Barnes (2002
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Table 2.2. Major element composition of standard MRG-1 as determined by XRF analysis at The University of Leicester and the composition of the standard
listed on the GeoRem database. The difference between the values from Leicester and GeoRem represents the error

SiQ TiQ, ALO; FeOs; MnO MgO CaO Ng,0 KO P,Os K:O+NgO
Leicester Universitgwt. % of compound) 39.121 3.830 8.587| 17.950 0.156| 13.597| 14.729 0.790 0.204 0.060
GeoRem (wt. % of compound) 39.120 3.770 8.470| 17.940 0.170| 13.550| 14.700 0.740 0.180 0.080
difference 0.001 0.060 0.117 0.010 0.014 0.047 0.029 0.050 0.024 0.020
%error 0.002 1.595 1.382 0.053 8.037 0.344 0.199 6.772| 13.595| 25.269 20.368
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2.5. Computerised axial tomographic scanning and
sample porosity

2.5.1. Principle

Computerisedaxial tomographic (CAT) scanning is a ndestructive process that
uses Xrays to create a 3D model of a sample, which can be dissected at any angle to
view the samplesinternal structure. CAT scans are completed under vacuum
conditions to minimise interaction between theays and the atmosphere. During a
CAT scan Xrays are generated within anr&y tube, focused into a beam within an
X-ray gun and then passed through sample. The sample rotates 360° on a stage, so
X-rays penetrate around the perimeter of shenple. As Xrays pass through the
sample they are partially absorbeédh X-ray detector is situated behind the sample,
and Xrays intersect this after passititgough the sample. The amount of absorption
(i.e., the reduction in Xay intensity)is then computed by a softwapackage called

CT Pro, with the amount of absorption largely dependent on sample density. For
instance, a particularly dense part of a sem(e.g, an irontrich phenocryst) will

result in more Xray absorption relative to part of the sample that has a lower density.
This technique is therefore particularly useful in determining the porosity and
permeability of vesicular volcanic samples, daghe large density contrast between
vesicles and the host rock. The resolution of CAT scan images is dependent on the
position between the sample and theay source. The industrial CAT scanner that
was used for this study is capable of scanning samyth a volume similar to that of

a soft drinkc a n , and such i mages wil/ have a r e
resolution of a peaized sample would be much greater, with a resolution of a few
microns being possible with most industrial CAT scanriEng. quality of CAT scans

is highly dependent on the number of frames captured per rotation, which can be
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defined by the user. The user is also able to specify the hardn&%g @hthe Xrays

and t he amo uways pfoduoed, svith)the optimudéasning conditions

being dependant on sample density, geometry and size. The optimum conditions are
generally ascertained through trial and error. However, the aim when setting the scan
conditions is to achieve the broadest range of greyscale valuess#sdgosthe final

image, thereby encapsulating the density variability within a sample.

2.5.2. Methodology

The CAT scan was collected at Lancaster University by using an industrial Nikon XT
H 160 scanner. Prior to scanning the vesicular obsidian sgskpi€) from Skridugil
the sample was secured to the CAT scanner stage with white tack, toiedsdiret
move during scanningThe X-ray hardness was set at 100 kV, the amount of
generated ¥ ays was set at 75 ¢A, a n drotdtidne n u mk
was set at 12064 (8 frames at 1508 positions around the sa@pts).the scan was
completethe CT Pro software automatically constructed the 3D model of the sample.
The model was then processed using a software package called VG Studio Max.
Processing involved applying greyscale thresholds to reduce noise and highlight the
contrast between the vesicles and host rock.

Sample porosity was determined by manually tracing the vesicles in a CAT
scan imageKig. 2.9.); the sample contains a tuffisitein, which was also traced.
The vesicles and tuffisite vein were then filledttwa colour and the image was
imported into ImageJ, where it was converted into a binary im@ige 2.9.i). The
Analyze Particles Tool within ImageJ was then used to daterritie area of the
vesiclesthetuffisite vein and the whole image. The area of the tuffisite vein was then

subtracted from the total image area, with the remaining area representing the host
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B cample skri 2
[}

Fig.lll'e 2.9, [|.:|}.E'.-";T scan image of sample skr 2. a t}lf.ﬁsite vein Is hm.:ls:.ed v.-ithil.'n I:l tuffisite vein
vesicular obsician, the vesicles are black and the wifisite vein and obsidian matrix .
are grey. (s) Trace of p that was used to estimate the surface area of the vesicles as - '\.I'ESI_ClES

a pereentage of the host obsidian obsidian matrix

obsidian and the vesiclethe area of the vesicles was thdiermined as a percentage

of this remaining value. This method of determining sample porosity is
straightforward, with more sophisticated techniques being possibleWg&ight et al.,

2006; Degruyter et al., 2010b; Degruyter et al., 2010a; Schipped.,e2013)
However, the employed method was deemed adequate for the purpbge stfidy,

and using the more sophisticated techniques would involve extracting the tuffisite vein
from the 3D rock volume, which is problematic due to the similar density of the
tuffisite vein and host rock. A simple way to alleviate this problem woeltblscan a
section of the rock that does not contain tuffisite veins, which may be completed in the

future.
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2.6. Grainsize measurements

2.6.1. Methodology

Obsidian clast sizes were determinedsing BSE images and photographs of
petrologi@l thin sectons. In BSE imagesthe obsidian clast surfaces are
distinguishable from one another because microlites coat their surfaces, and the
microlites have much stronger backscatter intensities relative to the clasts. However,
because the microlites form an incdetp shell around the clasts, different clasts
cannot be isolated via automated thresholding techniques. Similarly, the lack of colour
contrast between clasts in the photographs meant that automated thresholding could
not be used to isolate different ckgh these images either. Clast outlines were
therefore traced by hand using Adobe lllustrator. The outlines were then filled with a
colour, and scaled enlarged versions of the images were imported into ImageJ, where
they were converted into binary imag&ébe Analyze Particles tool within ImageJ was

then used to measure grain areas. The radius (r in mm) of an equivalent sized circle

was then calculated, using the following equatinli! A, where A is the area
The grainsize was then determined as the weight percent of the total volume of the
measured grains, following the methodology of Rust and Cashman (2011), and Lui et

al. (2015).This involved foursteps. Firstly, each clast was assumed to be a sphere,
and sphere volumes (v in mmwere determined from the radius (vgq\(‘ﬁ’).

Secondly, the clast volumes were added together, giving the total volume of all
measured clasts. Thirdly, the proportionahtribution of each clast (sphere) volume

to the total volume was calculated (clast volume / total volume). Finally, the

percentage contribution of clasts with a volume greater than a specific size was

determined.
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The percentage area of feldspar and pgnexwithin binary versions of BSE
images were determined by automatically applying thresholds using ImageJ. These
thresholds were subjective, thus, a maximum and minimum threshold was applied.
The Analyze Particles tool within ImageJ was then used to meetdsisurface area of

the fragments as a percentage of the total image area.

2.6.2. Errors

The error associated with the obsidian clast measurements will stem from inaccuracies
in tracing clast outlines manually, whereas those associated with the pis¢noc
percentage estines will stem from subjectivityand limitations of applying
thresholds. Both of these errors are deemed sufficiently small to be neglected, and are
thus not considered further. The other source of error regarding the grainsize
measurements will result from inaccuracies in measuring) gr&as in ImageJ. This

error was estimated by determining the area of shapes using ImageJ, for shapes that
have calculable areas (i.eircles, equilateral triangles, rectangles and squares). Ten
different sizes of each shape were used, with the magsr @fthe shapes spanning 1

75 mm (645,000 pixels). The difference between the manually calculated areas and
those calculated in ImageJ spanS0%, with the percentage of error being greatest

for the smallest shapesTgble 2.3). The measured obsidianlasts from SE
Raudfossafjolnd Huasafell span ~1 pAil cm, equating to-1>100,000 pixels in the

scaled enlarged images that were used in the measurements, but generally the clast
areas are 1000,000 pixels. If the maximum error of 50 % applies to tleestc
measurements this would cause the clast sizes to deviatenbymum amount 0.5

pm anda maximum o0.5 mm, and because of this, the error associated with the clast

sizes is thought to be negligible.

98



Table 2.3, Error associated with grainsize measuremenis

circles (measurements are in mm)
inlll?e clast No. | area actual (((jji)ameter actual area (pi*(d/2f) | error | % error
3 1 4464.50 75 4417.86 46.63 1.04
3 2 1993.83 50 1963.50 30.33 1.52
2 1 983.09 35 962.11 20.97 2.13
2 2 723.74 30 706.86 16.88 | 2.33
2 3 505.74 25 490.87 14.87 2.94
2 4 326.37 20 314.16 12.21 3.74
2 5 185.36 15 176.71 8.64 4.66
1 1 84.71 10 78.54 6.17 7.28
1 2 68.76 9 63.62 5.14 7.48
1 3 54.69 8 50.27 4.42 8.08
1 4 42.35 7 38.48 3.87 9.13
1 5 31.52 6 28.27 3.24 10.28
1 6 22.42 5 19.63 2.79 12.43
1 7 14.95 4 12.57 2.38 15.93
1 8 8.84 3 7.07 1.78 20.08
1 9 4.36 2 3.14 1.22 27.94
1 10 1.49 1 0.79 0.71 47.46
equilateral triangle (measurements are in mm)
r:LTr:ggr m:::;l;ter area Iength(;)f sides actual area ((7I3)/4*a2) error | % error
2 2 520.69 30 389.71 130.98| 25.16
2 1 708.79 35 530.44 178.35| 25.16
2 4 231.57 20 173.21 58.37 | 25.20
2 3 361.87 25 270.63 91.24 | 25.21
2 5 130.42 15 97.43 32.99 | 25.30
3 1 3262.05 75 2435.70 826.35| 25.33
3 2 1452.33 50 1082.53 369.80| 25.46
1 1 59.92 10 43.30 16.62 | 27.73
1 2 48.71 9 35.07 13.63 | 27.99
1 3 38.74 8 27.71 11.03 | 28.47
1 4 29.77 7 21.22 8.55 28.73
1 5 22.05 6 15.59 6.46 | 29.30
1 6 15.45 5 10.83 4.62 29.92
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1 7 10.09 4 6.93 3.16 31.34
1 8 5.85 3 3.90 1.96 | 33.44
1 9 2.74 2 1.73 1.01 36.80
1 10 0.75 1 0.43 0.31 42.06
rectangle (measurements are in mm)
r:Lrlnn?ng nS::Eter area length ((\1\),)/ width actual area (w*l) error | % error
1 4 24.79 7/ 3.5 245 0.29 4.13
1 7 8.22 42 8 0.22 5.54
2 3 313.91 257125 3125 141 5.64
1 9 2.12 2/1 2 0.12 5.88
1 3 32.89 8/4 32 0.89 11.07
3 2 1255.89 50/25 1250 5.89 11.78
1 8 498 3/15 4.5 0.48 16.09
1 2 41.98 9/45 40.5 1.48 16.44
2 5 109.87 15/75 112.5 2.63 17.54
3 1 2799.28 751375 2812.5 13.22 | 17.63
1 5 19.06 6/3 18 1.06 | 17.65
2 2 455.29 30/15 450 5.29 17.65
1 6 13.70 5125 12.5 1.20 24.05
1 10 0.75 1/05 0.5 0.25 24.74
2 1 622.84 35/175 612.5 10.34 | 29.54
2 4 205.91 20/10 200 591 29.55
1 1 53.94 10/5 50 3.94 | 39.38
square (measurements are in mm)
r:lTr‘ig:r nlj::ﬁz:ar area Iengtr};))f sides actual area (5) error | % error
1 5 36.00 6 36 0.00 0.00
2 2 900.00 30 900 0.00 0.00
2 5 224.97 15 225 0.03 0.01
1 8 8.97 3 9 0.03 0.35
2 3 619.10 25 625 5.90 0.95
3 2 2529.47 50 2500 29.47 1.16
2 4 404.72 20 400 4.72 1.17
3 1 5704.19 75 5625 79.19 1.39
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1 4 49.70 7 49 0.70 1.41
1 3 63.03 8 64 0.97 1.54
2 1 1245.18 35 1225 20.18 | 1.62
1 7 16.44 4 16 0.44 2.69
1 6 2591 5 25 0.91 3.51
1 2 84.08 9 81 3.08 3.67
1 1 104.64 10 100 4.64 4.43
1 9 4.36 2 4 0.36 8.25
1 10 1.12 1 1 0.12 10.80
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Chapter 3: Rhyolitic dykes at
Husafell central volcano

3.1. Introduction

This chapter presents the macrto microscale detail of the textures and
geochemistry of dissected rhyolitic dykes at Husafell central volc&road
geological mapping and dating of the volcano had been completed prior to this study,
with the presence of numerous weklposed rhyolitic dykes highlighted
(Saemundsson and Noll, 197However, no detailed study of the dykes had been
completed prior to the study that is presented here. The dyke exposures are broadly
similar, but some textures are unique to individual exposures. Thus, to test the
hypotheses of this chapter it was ddesed necessary to study multiple exposures
The aim was to gain insight into the intrusive emplacement and deformation of
magma, whilst also considering the influence of these processes and the nature of the
country rock on magmatic outgassing. The higpees that were tested in this chapter

include:

1 Geochemically homogenous dykes can form via the incremental emplacement
of magma.

1 During magma emplacement shear is localised along emplacement boundary
layers and shear zones migrate between differentdaoymayers.

91 Dyke opening involves the intrusigrarticleladen gasurrents, withparticle
dispersal and dyke propagation being governed by the permeability and
strengthof thecountry rock.

1 Magma fragmentation can involve shé&ature of bubblefreemagma or
shear or tensile failure of bubbly magma

1 Crystals and lithics increase the outgassing ability of external tuffisite veins by
helping to sustain their permeability.
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3.2. Geological setting

3.2.1. Hasafell volcanic complex

Husafell centralvolcano is an eroded Tertiary volcano located in west Icelgitd (
3.1.), with volcanic deposits covering ~120 knThe following description of the
deposits and volcanic activity is summarised fisaemundsson and Noll (197Zhe
eruptive period spanned from ~3 to 2.5 Ma and the volcano had a-ldkeekhape
during this time. The volcanic activity consisted of three silicic phases that were
separated by and interleavedttwmafic eruptions and glacial events. Evidence of
glacial events (e.ghyaloclastites, pillow lavas and tillites) during the first phase is
lacking, whereas six glacial events may have occurred during the second phase, and
one at the end of the third ae.

The first phase of activity consisted of effusive and explosive behaviour,
commencing with emplacement of dacitic lavas, followed by deposition of dacitic ash
fall units and the Hraunfossar ignimbrite. The lavas are >100 m thick and exposed
west ofHusafell, between the rivers Reykjadalsa and Hvita (see the geological map in
A.3.1). In contrast, the pyroclastic deposits are only ~40 m thick, forming the
backdrop to the Hraunfossar waterfalls. The fitsage of activity culminated with the
emplacement of-40 m thick andesitic lava.

The second phase was dominated by explosive behaviour, eef@esby
numerous rhyolitic asfall units and ignimbrites. One of the ignimbrites (Deildargil
ignimbrite) is well exposed and easily accessed ind@egil valley; it is locally ~100
m thick, can be traced along strike for ~20 km, with a volume of3€2Rnt. This is
significantly greater than the deposit volume of the 1991 Pinatubo eruption (max. ~10
km® Self 2003, corresponding to an eruption magnitude of -B% where

magnitude = log (erupted mass in kgd) 7 (Pyle, 2000, anda VEI of 6 (Newhall and
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Self, 1982. For comparison, the 1362 Oreaefajokull eruption, which is thought to be
the largest magnitude historic explosive eruptiomceland(Sharma et al., 200&had
an estimated magnitude of ~§@wen, 2013

The third phase of activity consisted of effusive and explosive behaviour,
commencing with the emplacement of twodasitic lavas (exposed in the upper
branches of Hringsgil valley and Deildargil valley), followed by deposition of a
rhyolitic ashfall and partiallywelded ignimbrite (Giljatungar ignimbrite). The third
phase culminated with themplacementf rhyolitic and andesitic lavas. After this the
volcano was buried by flood basalts that were sourced east of H{Safethundsson
and Noll, 1974. Throughout the third phase, rhyolismd composite intrusions were
emplacedFig. 3.1.ii), which generally strike SYNE, similar to the western rift zone.
This study focused on some of these intrusions, which are exposed in Hringsgil valley
and Deildargil valley Fig. 3.1.ii and 3.1.ii); they are referred to as dykes, but some

locally turn into sills.
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H3a - Hringsgil location 3a

Reydarfellsskogur campsite

% multiple volcanic vents in this area

Figure 3.1. Figure continues from the
previous page. (i) Map of leeland
showing the location of Huosafell
central voleano (black square)
Modified from Gunnarsson et al.
(1998). (ii) Geologcal map of the
voleano showing the locations of the
intrusions that formed in the third
silicic phase. The studied dykes are
located 1n the SW region of the
voleano and are within the black
rectangle. From Szmundsson and Noll
(1974), see A3.1. for a more detailed
aeological map. (iii) Map of the area
within the black rectangle in ii,
showing the location of the Husafell
dvke exposures that are referred to in
this thesis,

3.2.2. Overview of the dykes and textural zones

Six dyke exposures have been studied in Husafell, comprising four in Deildargil

valley and two in Hringsgil valleyHig. 3.1.iii and 3.2). Multiple exposures may

indeed belong to the same dyke. This is largely unconfirnbed exposures at

Deildargil locations 1, 2 and 2a probably belong to one dyke. The valley floors are

~200 m a.s.l. and ~50 m deep. The dyke exposures ab@ #2 lorg and ~23 m

wide, with different country rock bordering different exposures, including glacial

conglomerate, brecciated basaltic lava, -boecciated basaltic lava and a welded

ignimbrite (Table 3.1). Some dykes are nehorizontal, whereas others extend

vertically 2040 m up the valley walls. Five main textural zones have been identified,
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Table 3.1. Measurements of dyke exposures and details of surrounding country rock

length/ | maximum
dyke latitude and longitude country rock next to dyke | elevation | exposed
change width
non-brecciated and

Deildargil 64°41'27 90"N brecciated basaltic lava (se 30m/
location 20°57'19.80"W section 3.4.1. for —20m ~2.5m

1 geochemistry) and

conglomerate
Deildargil 23547112558\/'\\]/ conglomerate ~30m/
location ' . (geochemistry not dyke is ~25m
g y y
(~65 m upstream from Deildarg .

2 location 1) analysed) horizontal
Deildargil 53054711276112\/'\\'/ conglomerate ~2m/
location i (geochemistry not dyke is ~3m

2a (~10 m downstream from analysed) horizontal

Deildargil location 2) y

Deildarail 64°41'23.20"N conglomerate and welded
Iocatio?n 20°57'20.60"W base of an ignimbrite ~10m/ —2m

3 (~80 m upstream from Deildarg (geochemistry not ~5m

location 2) analysed)

Hrinasail mafic lava and
Ioca?iogl 64°41'12.50"N conglomerate ~50m/ —om

5 20°56'50.30"W (geochemistry not ~40 m

analysed)

Hrinasail 64°41'8.38"N
Ioca?io% 20°56'48.23"W mafic lava (geochemistry| ~35m/ 2m

3a (~120 m upstream from Hringsg not analysed) ~30 m

location 2)

which are referred to as A, B, C, D andwiith categorisation based on textures and
position wihin the dykes. The zones broadly consist of fragmented material (pumice,
vesiclefree obsidian clasts, crystals and mafic lithic clasts), obsidian, microcrystalline
rhyolite, clay with obsidian clasts and an obsiemaicrocrystalline rhyolite mix,
respedtely. At Deildargil location 1, zone A is confined to veins that were pre
existing fractures in the country rock and also forms a-Meinlayer at the dyke
margins, whereas at Deildargil location 2a zone A is dispersed more randomly
throughout intrusiomelated fractures. Zones B and C are divided into seven sub
zones, referred to as B1, B2, B3, Bb, Bfb, Cc and €. (3.3). The zone B sub
zones broadly consist of black obsidian (B1), grey obsidian (B2), green obsidian (B3),

brecciated obsidian (Bkgnd flowbanded obsidian (Bfb), whereas the zone G sub
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zones consist of microcrystalline rhyolite with relatively small, <1 mm wide, spherical
vesicles (Cc) and microcrystalline rhyolite with relatively large, >1 mm long, elongate
vesicles (Cm). It is noalways possible to distinguish between the-zoibes of zone

B due to weathering, and in such instances, the zone is referred to SisbBones

exist locally within different dyke exposure§ig. 3.3), but all exposures have
obsidian margins (zone B) @microcrystalline centres (zone C). Zones andzuies

are described further in the following sections, except zone D, as this appears to be a

highly weathered and altered version of zone B.
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Brief description of the textural zones
Main zones Sub-zones

B1: black absidian, next to the country rock or zone A
B2: grey obsidian, between Bl and B2

B3: green obsidian, between B2 and T

B-: unclear whether B1, B2, B3, Bb ar Bfb

Bb: clasts of obsidian (zone B), *with lithic clasts

Bfb: discrete layer (>1 cm thick) of flow banded obsidian at the edge
of B1, B2 or B3, "with lithic clasts

Ce: brown-orange, dyka centra, sometimes contains folded flow
bands, the axial planes are parallel with dyke margins, vesicles are
generally mare circular than thase in Cm

Cm: dark brown, blue or grey, borders Co, sometimes contzins flow
bands that are relatively linear (in contrast to those in Cc) and
parallel with dyke margins
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3.3. Description of the textural zones
3.3.1. Zone A

I) Macro -scale features : location and dimensions

Zone A is composed of ash (clasts <2 mm) and lapilli (clasts0~ghm), which
predominantly consist of juveniles, with ~B5 % lithics. The zone occurs at
Deildargil locations 1 and 2, artdringsgil location 3a, but a detailed study was only
conducted at the former locations; thus location 3a will not be discussed further in this
section. At Deildargil location 1, zone A forms the upper dyke margiigs 8.4) and

is outwardly bordered byhé country rock (notrecciated and brecciated basaltic
lava, seesection 3.4.1.for geochemistry). The contact between zones A and B is
generally sukplanar, and varies between sharp and diffuse.cohéact betweemnone

A and thenon-brecciated lavas sharp and suplanar, whereabetweenzone Aand

the brecciated lavat is sharp and irregular, as zone A weaves between the breccia
clasts. At the NE dyke margin the thickness of zone A is variable, always less than
100 mm, and it is exposed over a l#ngf 1 m. Similarly at the SW margin, it is ~1

90 mm thick, ~5 m long and locally pinches out.

hasaltic
breccia

Figure 3.4. Textural zones at Deildargil location
1. (i and ii) NE dyke margin_ (iii and iv) SW

4 dyke margin. (i-iii, and iv(p)) Field photos.
(iv(s)) Tracing of iv(p)
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Additionally at location 1, the fragmental material of zone A is confined to
veins which are housed within the country rock next to the upper part of kiee dy
(Fig. 3.5). The vein number density decreases with increased distance from the main
part of the dyke, with visible veins lacking beyond 5 m. The veins form networks
(Fig. 3.5), consisting of main stems that extend outwards into shorter thinner veins
(veinlets). The stems are >50 cm longh mm wide, and generally thin upwards,

whereas the veinlets are <30 cm lon@Qlmm wide, and thin away from the stems.

sketch of ii(p)

yellow represents
juvenile material

clasts of
basaltic lava

Figure 3.5. A vein network (zone A) at Deildargil location 1.
The nonbrecciated lava is pervasively cut by >1 m long-geliical fractures
and subhorizontal <20 cm long fractures. The stems of zone A have similar

orientations to the subertical fracturesKig. 3.6), whereas the veinlets have similar
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orientations to the suborizontal fractures. The némrecciated lava surrounding the
vein networks cotains a high number density of short (<10 cm long) fractures, with
random orientations, but such fractures are less common in théreeifava Fig.

3.6). Zone A is not confined to veins at Deildargil location 2, but is instead dispersed
in the conglomete throughout a ~30 70 cm domain, with a long axis orientated at

~45° to subzone B1, and which is truncated by Big( 3.7).

Figure 3.6. (i-iii) Fractures in the
: country rock (basaltic lava) near the
dyke at location 1. (i) Fractures
around a vein network (zone A). (ii
and iii) Fractures in parts of the
basalt that do not contain vein
! networks. (iv) Position of i-iii.
i (i(p)-iii(p) and iv) Field photos.
- (i(s)-iii(s)) Tracings of the fractures
n i(p)-iii(p) respectively. metre
rules are red.
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Figure 3.7. Field photos of zone A at Deildargil
location 2.

i) Meso -scale features : colour and sedimentary
structures

The colour of the fragmental material at the SW maddieildargil location 1 is
predominantly yellow next to the country rock and dark grey next tezenb Bl

(Fig. 3.8.i and i). The yellow and grey parts are-98 mm and ~10 mm wide,
respectively; both are thickest where the zone is thickest. Thelarstec nature of the
grey part is not apparent in the field, but it is in petrological thin sections. In contrast,
the clastic nature of the yellow part is apparent in the field, with both pumice and
lithic clasts visible. The yellow colour of the veiepresents the pumice clasts, with
lithics being grey or red. Lithic colours match the bordering country rock (brecciated
and nonrbrecciated basaltic lava). In contrast to the dyke margins, the veins of

fragmental material that are housed within the courick are predominantly yellow
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(i.e, the veins lack a dark grey part), with some grey lithic clasts that match the

bordering country rock (nebrecciated basaltic lav&jg. 3.8.iii and iv).

The yellow section of zone A at the SW dyke margin is locgiginsize

sorted, consisting of coarggained and fingrained parts. The contact between the

B2
T T .

way up gL

P o e, :
Figure 3.8. Field photos. (i and ii) Zone A at the SW dyke margin
of Deildargil location 1. (iii and iv) Zone A veins within the country
rock at Deildargil location 1, iii is the same position as figure 3.6.i..
See main text for description

116



two parts is irregular and generally sharp, but is sometimes diffuse. The juvenile and
lithic clasts within the coarse part consist of ash (clasts <2 mmlppilld (clasts ~2

10 mm), and this part is closest to the country rock, whereas in the fine part, which is
furthest from the country rock, the clasts predominantly consist oFagh3(9.). The

veins of fragmental material that are wholly housed wittwuntry rock are also
locally grainsize sorted~g. 3.9.i). None of the lithics or juveniles in zone A have a

jigsaw fit when viewed with the naked eye.

| Figure 3.9. Field photos of zone A at Deildargil location 1. (i
s and ii) SW dyke margin. (iii and iv) Veins in the country rock.
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The fine part of zone A contains laminations. In the veins housed within the
country rock these are diffuse wispy lines, <50 mm long and ~1 mm wide; no
coherent samples of these could be collected, thus, the sedimentary structures in these
veins will not ke discussed further. However, coherent samples were collected from
the SW dyke margin. Here, the laminations can generally be traced over a length of
~50-100 mm, they then fade out, or become indistinct due to weathering. The
laminations are commonly neplanar and parallel to the dyke margins, but cross
laminations exist locally. The foresets of the cross laminations are truncated closest to

subzone B1 Fig. 3.10. and 3.11.iy; and orientated ~480° to the dyke margin. This

foresets of cross *

laminations
way up

.....

f

planar laminations,
near-parallel to the
dyke margins

Figure 3.10. Sedimentary structures in zone A at the SW dyke margin at
Deildargil location 1. ii(s) is a drawing of ii(p), the laminations are
drawn as solid and dashed (inferred) black lines
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angle dereases towards ¢hcountry roclas the foresets pass into the bottomsets, with
the bottomsets being neparallel to the dyke marginfhe laminations that consist of
the finest ash (clasts €< mm) are generally ~ 1800 e m wi de, but
varies next to relatively large clasts (clasts >2 nfg. 3.11.v). Convolute
laminations also occur locally, extending from planar laminations, with some having

fluidal ends that weave betweamunding clastsHig. 3.12).
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field photo

figure continues on the next page
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Figure 3.11. Figure continues from the previous page. Sedimentary structures in zone A at the SW dyke margin
at Deildargil location 1 (sample D4). (iv-vi) Microphotographs taken in plane polarised light
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Figure 3.12. Sedimentary structures in zone A at the SW dyke margin at Deildargil location | (sample D4).
(iv(p)) Collage of microphotographs taken in plane polarised light. (iv(s)) Sketch of iv(p). The location of i is
shown in figure 3.1Lii
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iii) Micro -scale features of the SW margin of
Deildargil location 1: grainsize, clast textures and
porosity

The juvenile and lithic clast sizes in zone A were determined by manually tracing the
clasts using Adobe lllustratan a photograph of a thin section and also in BSE
images. ImageJ was then used to estimate individual clast areas. Diameters of circles
with the same areas were then calculatath sphere volumes thetetermined from

the dameters (seesection 2.6.for methodology and errors, andl.3.2. for clast
tracings and data). This method was used because the forms of some juvenile clasts
reflect viscous deformation, with clast lengths affected by deformation, but areas
unaffected. Th juvenile and lithic clastsavesimilar sizes, with diameters spanning
~1>m-10 mm Fig. 3.13), with the majority being <1 mm. Clasts with diameters >1

mm contribute >9%% of the total measured volumiig. 3.13). The lithic lapilli are
sub-circular with subrounded edges, whereas the pumice lapilli are generally more

elongate, with feathdike edgesfig. 3.14.).

100 000l
90
80

70 0

60 4 juvenile clasts, 540 clasts measured (sample D4)

50 - O lithic clasts, 419 clasts measured (sample D4)
40 -
30 -
20 -

% volume of clasts >diameter

10 -

0.001 0.010 0.100 1.000 10.000

clast diameter in mm

Figure 3.13. Clast sizes in zone A, at the SW dyke marzin, Deildargil location 1.
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. £ o £ i — . 2 = N /.r
Figure 3.14. Feather-like pumice edges in zone A. Both images
are of sample D4 from the SW margin of Deildargil location |,
but they are different pumice clasts. (i) Microphotograph taken
™ in plane polarised light. (ii) BSE image.

The porosity of pumice clasts near the country rock is variable, spanning ~20
80 % by areaKig. 3.15). Some pumice clasts contain small circular to-sutular
vesicles, with diameters of ~18m, and also large, up to 406n long, irregular
shaped vesicles. The vesicles occur throughout the pumice clasts, with vesicle walls

commonly forming clast edgesgsulting in the feathdike edges. A matrix of non

- Figure 3.15. BSE image
& of pumice clasts (outlined
s by red dashed lines) with
. ; . different porosities in zone
- % S A, sample D4 from the
: E«‘i : s SW dyke margin at
= ﬂ) o o ) Deildargil location 1.
100 pm \ >, - Wt Voids are black and
B SRR EEY S S B S B T S SSRESANE obsidian is grey

jigsaw fit ash, consisting of obsidian and country rock fragments commonly supports
the pumice lapilli clasts. The obsidian ash has platy,-foiottlike, cusplike and

equant shapes-ig. 3.16.), with subrounded to angular edges that are composed of
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vesicle walls. The country rock clastsid. 3.16.i), which have the appearance of
basalt (geochemistry not determined) are equant, withrauided to angular edges

that generally lack vesicle walls, tuesicles are often present in clast interiors.

particie -

- b
equant r”
particle 8

e ;

N

platy ash particle

Figure 3.16. BSE lmagcs of Zois A, sistiple from the SW dyke margin of Deildargil location |
Crystals also constitute some of the ash; these appear (geochemistry not determined)
to be plagioclase and pyroxene, and are thus similar to crystals in the basaltic clasts.
The ash matrix locally has aggaw fit with pumice lapilli, but only at contacts
between pumice lapilli with different porositieSid. 3.17.). Vesicles are sometimes

viscously deformed at these contaéig( 3.17.i), with jigsaw fit ash lacking.

ila relatively
Y N - Wlow porosity
g , \
g;lowipmosuty & s e s
PR R LS . :
1‘*‘: : o \\:.e LRy 28 oA ] E ey =

: around the pumic
Figure 3.17. BSE images of micro-textures in zone A (sample D4). Pore space 1s black and obsidian 1s grey

~ ) o e

When obsidian walls separating @rh | and | arge vesicles
smaller vesicles protrude into the larger vesiclégy.( 3.18). Similarly, when

relatively large vesicles are close (ivehen the porosity is particularly high), their
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small circular
vesicle protrudes
into larger vesicle

,_large vesicle §

100 um

: % Figure 3.18. BSE images of a pumice clast in zone A,
IGORTIGEE sample D4 from the SW dyke margin of Deildargil
& location 1. Pore space is black and obsidian is grey

formsare irregular, their walls buckled, and they often protrude into one an&iger (
3.14. and 3.19.

Some of the larger vesicles have very thin walls, with some being <1 pm wide
(Fig. 3.19). Small and large vesicles are commonly connected by lineamtdinear
fractures Fig. 3.20), and some small vesicles are connected to one another by similar
fractures Fig. 3.21). The fracture walls contrast with the smoother vesicle waits (
3.20. and 3.21), and the apertures connecting the vesicles auduires have angular
to subrounded edges, sometimes displaying small (<5 pum) offsgf. (3.21.).
However, in a low porosity (<10 % by area) domain of a pumice clast, which displays
a variable porosity, the apertures are smooth. Furthermore, in theaegnddracture
vesicle connections consist of concave lodag.(3.22.i and i), and some of the
fractures and vesicles are partially closed, with their walls connected by obsidian

bridges Fig. 3.22.iii and V).
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Fig. 3.21.i
I
21.ij =

vesicles protrude
finto one another -

scratch

very thin intact vesicle wall

— ‘ver',v' thm.mtac;t /e

10 um \ 10 um
——————— ‘ PU——

Figure 3.19. BSE images of a pumice clast in zone A, sample D4 from the SW dyke margin of Deildargil location 1. The voids are black and the obsidian is
grey. See main text for further description
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