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ABSTRACT

The 79AD eruption of Mt Vesuvius is one of the msistdied volcanic explosive events
in history. It ejected ~3 kirof material (dense rock equivalent DRE) in therfaf thick

layers of pumice and ashfall interbedded with nwwaerarge pyroclastic density current
deposits, and is responsible for the destructionPompeii and Herculaneum. This
eruption represents a type-example of plinian esaptwhere stable activity abruptly

shifted to column collapse and/or phreatomagmatism.

Vesicle and crystal textures have been shown taadtly in deciphering some
of the key physical processes that lead to themédion (e.g. storage conditions, ascent
styles and rates). A new matlab-based tool (FOAM®&s developed and used to
investigate the products of the 79AD eruption, Wwhgontain abundant small leucite
crystals and vesicles that cover several ordemhagnitude in size and number. First,
laboratory experiments designed to mimic leucitgstallization and vesiculation in
pumice from the opening and one of the main plirpaases (Eruption Units EU1 and
EU2 of the phonolitic white magma) were performéedanditions thought relevant to the
eruption. Experiments were quenched at differémal fpressures to investigate the
evolution of textures throughout the entire decaapion path. It was found that leucites
do not crystallize readily during ascent, and thgperimental vesicle textures do not
match size distributions but do approach numbesitles measured in natural pumices
from EUl and EU2. Through additional isobaric-issthal experiments, it was
determined that leucites probably crystallized epttl in the reservoir, perhaps during

slow decompression prior to the eruption. In patéic the causes for discrepancies

Vi



between experimental and natural textures are segbland possible ways to improve
future experiments are suggested. Kinetics of atysation and vesiculation in K-

phonolites are also discussed.

The last portion of this dissertation is dedicatedinding the causes for major
shifts between stable and collapsing eruptive phirtieat caused the formation of
multiple pyroclastic density currents (PDCs) durthg magmatic phase of the eruption
(EU1-EU3). PDC and pumice fall clast textures aoenpared to determine whether
differences in conduit degassing behavior can @xgle changes in column dynamics

after fragmentation.
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CHAPTER 1. INTRODUCTION



1. Synopsis

Large explosive volcanic eruptions are highly degtve events that show extremely
variable behavior, making their course difficult poedict. During a single explosive
eruption, volcanoes can eject and deposit sevelat kilometers to hundreds of cubic
kilometers of tephra onto and around their flankbese deposits are most often
composed of a combination of fall products thatdslty derive from near-vent ballistics,
and convective plumes tens of kilometers in heigint,pyroclastic density currents
(PDCs) that travel down the edifice at high velesitand temperatures. During a single
plinian eruption, the style of activity can varybstantially due to external factors such as
presence of ground or external water, or intrinfsictors related to crystallization,
degassing and outgassing processes that occunwiiiteiconduit during magma ascent
(e.g. Sparks, 1978; Cashman and Mangan, 1994; Khey Cashman, 1994; Jaupart,
1996; Navon and Lyakhovsky, 1998; Papale et aB81®ust and Cashman, 2004). The
79AD plinian eruption of Vesuvius resulted in a gdex succession of pyroclastic fall
and PDC deposits that suggest several abrupt tiamsin conduit and column dynamics
occurred throughout the eruptive sequence (e.gr keiral., 1973; Sigurdsson et al., 1985;
Cioni et al., 1992). This eruption has been thejesubof extensive research but the
textural aspects of the various pumice clasts preduhroughout the eruption have not
been previously investigated even though they piwaluable information eruption
dynamics. Because the crystallization and degadsstgries of 79AD magmas can be
compared to field, laboratory, physical and nunariavestigations from the past 40
years, this eruption is the perfect candidate &iaited textural studies. Through the four

main chapters of this dissertation, | (a) invedggerystallization during decompression
2



of the magmatic reservoir, (b) describe the methaoutilized to characterize vesic
textures in 79ADpumice, (c) compare vesicles formed experimentally toséhiormec
during magma degassing, and examinethe mechanisms for t transitions between
fall-producing stable eruptive columns to pyroclasticeni-forming unstable collapsin

plumes.

2. The 79AD eruption of Vesuviu:

2.1. Geotectonicsetting

Vesuvius volcano (1281 m.a.s.l.) forms part of Bwnm:Vesuvius volcanic comple
located in the region of the bay of Naples in Italpn®néeVesuvius, along with othe
Italian volcanoes (e.g. Campi Flegrei, Ischia, Vidt Roccamonfin Ernici, Colli
Albani, Monte Vico, and Monte Vulsini, Fig. 1), ds from the subduction of th
Mediteranean seafloor under the African p, and fromthe opening of the Tyrrhenit
basin, west of thenain compression front. Magmas eruptedtase volcanic centers &

dominantly alkali-rich(Savelli, 2001 and references therein).

N \
v
L miata
~ R X Vulsini
{ 33 . éﬁl@gtnmino (‘;’/&\
17 . - N
= ; Vico
L o Sabatini-”—
) . 42 O B \\\’Dcmnmbani : >
IFlgure ]%: hGeograpmlaI 'f \ Roccamonfina '\\_
ocation of the main lItalia 0 —~~0 I
. . £ y ; 0 M N
volcanic centers along wil [ j Campi FlegreL | Ves”"'ci,ulﬁlj;\f@% N
position of the compressi\ -‘f__-‘.’ Ischid | )R \
front related to  th S ( Fig. 3 Y%, b
subduction of the Eurasic - & @ 51\‘%2\
plate under the African pla g éu Mediterranean Sea _— N <\ )\f‘%/
(Modified after Sigurdssor RN "’m\"' N : %
L s
etal., 1985). ”’f\"{ ) Salina Panarea\r ~ x
Ustica Filicudi. |\° ¢ \
Alicudi— ‘}—Lipari} i
Vulcang ) 1
- 3g° .
N A ,'l
4
L ~d, ‘_oy
o° Pantzlleria N 470




2.2. Somma-Vesuvius

The Somma-Vesuvius stratovolcano consists

an ancient volcanic edifice (Somma) made

accumulations of effusive lavas, welded fe

deposits, and small cinder cones, which erup

over a relatively brief

20,000BP, Santacroce et al., 2008), and wi

period (35,000

truncated by multiple caldera collapses (Cio g

et al., 1999). Vesuvius grew nested within th

older volcanic structure as the activity switche

from dominantly effusive

to dominantly

explosive. The first plinian eruption (Pomici ¢

Base) occurred about 18,000 years ago (e

Bertagnini et al. 1998; Santacroce et al., 200

followed by other plinian eruptions of Mercat

Pumice (~
2008; Mele
(~3,900BP,
Sulpizio et

(79AD).

e.g. Santacroce et

Sub-plinian events such as

8,000BP, e.g. Santacroce et

et al., 200p Avellino Pumice

al., 20C

al., 2009) and Pompeii Pumic
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Figure 2. Somma-Vesuvius activity since

16,000BP Greenish Pumice (Cioni et al., 2003b; formation of Mt. Somma ~35,000 years ago.

Santacroce et al., 2008), the 472AD Pollena

Arrows show subplinian to plinian explosive
events, domains represent periods of effusive
activity. Colors correspond to Volcanic
Explosivity Index (VEI). Dashed lines mark
uncertain eruption dates. From Cioni et al. (2008).



pumice (e.g. Sulpizio et al., 2005), and the 1631%&y. Rosi et al.1993) eruption
generally occurred between plinian eruptions (BigSinaller strombolian eruptions may
also have been produced throughout the entire riistd Vesuvius but their small
dispersal and volumes could have prevented themm foeing identified within the
deposits.

More recently, from 1631AD to 1944AD, Vesuvius hstsown dominantly effusive
activity punctuated by lower intensity violent stroolian eruptions (8 since 1660AD,
Cioni et al., 2008). Since 1944, Vesuvius has bg@ascent and shows no immediate
signs of unrest. Extended periods of quiescendesitivius are common, and mostly are
followed by intense explosive eruptions (Cioni &t 2008). The very high density of
people living in its vicinity (Fig. 3a) makes Vesus one of the major volcanic threats in
the world. Because 3,500,000 people inhabit the @@aman region around Vesuvius and
Campi Flegrei, both volcanic centers have spawngléthora of scientific investigations
that include numerous hazard assessment studgesQarta et al., 1981; Sheridan and
Malin, 1983; Barberi et al., 1990; Macedonio ef 2890; Dobran et al., 1994; Alberico
et al., 2002; Andronico and Cioni, 2002; Cioni bt 2003a; Nunziante et al., 2003; Orsi
et al., 2004; Rossano et al., 2004; Gurioli et2005a; Baxter et al., 2008; Costa et al.,
2009; Daniele et al., 2009; Lirer et al., 2010; &wli, 2010). Although speculations vary
regarding the type of eruption that may occur i filture at Vesuvius, there is a general
agreement concerning the urgent need to examingtige of past eruptive behavior as
an indicator of what to expect in the next eruptibhe 1631 event is commonly regarded

as a plausible scenario for which residents ofNbapolitan region ought to prepare.
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Recent hazards maps reveal that about 500,000 godiwpl directly in zones possibly
affected by ash and pumice fall, pyroclastic dgnsitrrents and debris flows (Lirer et al.,

2010, Fig. 3b).

2.3. The 79AD eruption

2.3.1. Historical and volcanological importance

Volcanological interest in Vesuvius is not recethie first volcano observatory
was built on its flanks in 1841, and several eui prior to 1944 were intensively
studied (e.g. Heim, 1873; Hobbs, 1906, Figure Alappendix). However, no other
eruptions have achieved the volcanological and amalogical interest that the 79AD
eruption generated. The first accounts of the evehat unfolded during this period came
from Pliny the Younger who became one of the fgtwitnesses of a plinian eruption.
He gave a detailed written report relating the sewf the eruption as well as the death
of his uncle, Pliny the Elder, who perished durihg eruption from a heart attack (e.qg.
Bigelow, 1856; Ippolito, 1950). The eruption istbigcally famous for having caused the
demise of Roman Campanian towns Pompeii (1,600 knoasualties from an initial
population estimated at 5,000-20,000, Luongo et 2003) and Herculaneum (250
casualties from an initial population of 4,000-83)00Capasso, 2000), as well as
neighboring communes, resorts and villas that oetl Stabiae, Oplontis, Boscoreale,
along with other smaller communities located wh#re present towns of Torre del
Greco, Terzigno, and Boscotrecase are (cf. Fig. Bitgr the eruption, these towns, as

well as surrounding villas and resorts remainedeuunder meters of fall and PDC
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deposits, and were not excavated until 1600 yedes (although parts of Pompeii were
unearthed briefly in the ¥Bcentury). The start of excavations in both Pompeid
Herculaneum in the 8century, and the discovery of numerous corpsehinvithe
volcanic tephra focused the attention of a largenlmer of archeologists and other
scientists. Early studies of Johnston-Lavis (18843 Rittmann and Ippolito (1947),
suggested that Romans at Pompeii and Herculaneeshudider the accumulation of ash
and pumice, and that the cross-bedded portion9AD7eposits represented either some
type of remobilization of fall deposits by subsegjuguarrying activity (Rittmann, 1950),
or mudflow deposits (Ippolito, 1950). Merrill (1918920) first made the observation that
these deposits contained carbonized wood as wekly burnt documents, and that the
process responsible for the death of Romans regseintbhbse described in 1902 at Mt.
Pelee by Lacroix (1908). This view was not accepteii the pioneer field investigations
by Lirer and Pescatore (1968), and Lirer et al.7@89and comparisons with historical
accounts by Sigurdsson et al. (1982). Since theohnmuogress has been made in the
characterization and interpretation of the varitallsand PDC deposits that compose the
79AD stratigraphy, and on the timing of the evets. edifice destruction, population
evacuations, deaths) that took place at PompeiiHerdulaneum (e.g. Sigurdsson et al.,

1985; Cioni et al., 1992; Gurioli et al., 2002; Giet al., 2004).

2.3.2. Chronology, characteristics, and stratigraphy efdéhuption
Until very recently, it had been assumed that thtéon occurred on the $4of August
of 79AD. The date was derived from letters of Plihg Younger addressed to historian

Tacitus in ancient Latin. However, several transtet of the texts are possible and other
8



authors interpreted the month to be October or Ninex. Further evidence, including
the finding of a coin relating Titus’ fifteenth eempr acclamation (historically after
September of 79AD, Rolandi et al., 2008), the recp\wf fruit typical of the autumnal
season within the remains of Pompeii, and the timewf seasonal stratospheric winds
that led to the south-eastward dispersal of theptemu products, prompted the re-
evaluation of the date of the eruption to Octopessibly the 24 (Rolandi et al., 2008).
The time of day during which certain phases of éhgption occurred is actually better
constrained (Sigurdsson et al., 1982). A seriepretursory earthquakes and tremors
took place throughout the four days that precedesl dnset of explosive activity,
probably as a fresh batch of tephritic magma irdcuthe reservoir where a phonolitic
magma had resided and differentiated since Avelimes (~3,900 BP) (e.g. Cioni et al.,
1995). The opening phase of the eruption, involuimg upper phonolitic portion of the
storage region, may have occurred during the rogttie 23", or a few hours before the
start of the plinian phase. This opening phase prakBably associated with some degree
of magma-water interaction (Barberi et al., 198®nCet al., 1992), and formed a 15
km-high plume that deposited a thin layer of pitsolash mostly to the east of Vesuvius,
notably in Terzigno (Eruptive Unit EU1, Cioni et,al992, Fig. 3c, Fig. 4). It has not
been confirmed whether the opening phase was felfoly a pause in activity. Pliny
observed the rising plume corresponding to the filisian phase EU2 at 1pm on thé™4
but it remains uncertain whether the smaller pluoeesponding to the opening phase
would have been easily observed from his locatidonetheless, field evidence shows
that at least two small PDCs were generated agrideof EU1 (EU1pf, Fig. 4e; Cioni et

al., 2000). EU2 generated a ~20-25 km-high (Caney Sigurdsson, 1987) buoyant
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column and deposited up to 1.5 m of pumice andadistth a much larger scale towards
the south-east (Fig. 3c, Fig. 4b and d). Syn-eveptj the batch of tephritic magma
mixed with phonolitic magma from the upper portioofsthe reservoir (Cioni et al.,

1995), and a few hours into the eruption (~8 ping, ¢jected pumice changed from a
phonolitic to a tephriphonolitic composition (el@. Girolamo, 1968; Lirer et al., 1973).

The nature of this change was mostly abrupt (Gavettal., 1991) and may have triggered
a partial collapse of the eruptive column, genagaéi PDC deposit containing pumices of
the two end-members (EU2/3pf, Fig. 4b and e, Cainal., 1992). The plume became
buoyant shortly afterwards and rose to over 30 Karéy and Sigurdsson, 1987) in the
stratosphere, depositing thick layers of gray penaad ashfall (EU3, Fig. 3c, Fig. 4)
over an even wider area than the white pumiceBaIR. The fall deposits EU2+EU3

alone caused the collapse of numerous roofs phatigun Pompeii (e.g. Luongo et al.,

2003) where the deposit thickness reached 2.8 th tlaa death of about 400 Romans
(Luongo et al., 2003). Hence, of the people that hat evacuated from Pompeii, the
majority did survive the fall phase. A similar exteof destruction probably occurred at
Oplontis and Terzigno (Cioni et al., 1992), whichaynhave caused most of the

inhabitants to evacuate.

Figure 4: (a) Location of Roman towns around the flanksVekuvius, and stratigraphy of the 79AD
eruption from Cioni et al. (1992) and Gurioli et 42002). On the map, dark gray areas represent
excavation sites. (b) Outcrop at Villa Regina, n@atontis, showing the multiple PDCs that swept plais

site. (c) Photo of an outcrop at Pompeii showingeof the important spatial variations in the desion

of the various Roman towns: Pompeii was affectitle by EU3 PDCs, unlike Oplontis and Herculaneum,
but was devastated by EU4pf. This location showl tive destructiveness of PDCs. (d) The thick layer

fall tephra deposited at Pompeii and the clearstt@m between white and gray pumice. (e) The lower
portions of the 79AD stratigraphy (i.e. EU1) arairid only at proximal sites such as Sarcinello. Nb&e
large ballistic lithic ejected during EU2 times thgenerated an impact mark into underlying EU1 and
EU1pf. >
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In contrast, Herculaneum was mostly out of the nukspersal region of the fall phases
EU2 and EUS3 (cf. Fig. 3c); as a result, no desimacivas caused during the first hours of
the eruption. Nonetheless, probably alarmed byettient of the plume, the majority of
Herculaneum inhabitants evacuated (Maiuri, 197@u®isson et al., 1985). Most of the
250 people that stayed were killed by emplaceménEWd2/3pf, the first PDC that
reached the town (Cioni et al., 2000; Gurioli ef 2002).

A few hours into eruption of EU3 fall, the columedame increasingly unstable
and partially collapsed at least three times toegee PDCs EU3pfl, EU3pf2, and
EU3pf3 (Fig. 4b, Cioni et al., 1992, 2004) untilaiopplume destabilization occurred and a
powerful radially spreading PDC was produced (Ewdpfrig. 4b and c; Cioni et al.,
1992; 2004). Although the latter phase barely reddhe south-eastern limits of Pompeii
and only few cm of the PDC were deposited, it isgilde that EU3pftot caused the death
of some of the inhabitants (Cioni et al., 2000; &kmnet al., 2007). Around 8 am on the
25" earthquakes became increasingly frequent andentiolikely generated by the
collapse of the caldera as the upper portions efréservoir were being emptied. The
subsidence and ground movements associated withcdh@pse may have allowed
groundwater into the conduit/chamber system (Bawteal., 1989), triggering the onset
of the main phreatomagmatic phase of the eruptitivd(EU8, Cioni et al., 1992). A
new, short-lived plume was briefly stable at thgibeing of this phase and deposited a
thin layer of lapilli (EU4, Fig. 4b and c, Cioni at., 1992; 2004), but then collapsed
entirely to produce another radially dispersed RBO4pf, Fig. 4b and c, Cioni et al.,
1992; 2004) which took the lives of remaining resits at Pompeii (Sigurdsson et al.,

1985; Luongo et al., 2003; Gurioli et al., 200502p After EU4 the eruptive column
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entered a dominantly collapsing behavior cycle wgdneration of locally dispersed,
valley-filling PDCs (EUS5, Cioni et al., 1996; 20049llowed by production of a massive,
lithic-rich PDC (EU6 Cioni et al., 1996; 2004), atige formation of another widespread
PDC deposit interlayered by thin fall deposits (EBWy. 4b and c, Cioni et al., 1996;
2004). The final stage of the eruption was the aoghent of pisolitic layers up to 2-3

meters in thickness (EU8, Fig. 4c, Cioni et al920

2.3.3. Context of investigation
The Somma-Vesuvius volcano has always been a pofmpa in volcanology

due to the unique comprehensive historical recérnts@ast activity, the interactions of
its eruptions with human settlements, as well efoitation in the vicinity of over half a
million people. It has been persistently regardgdtte volcanology community as a
type-example of explosive volcanism and was listdaing with 15 other potentially life-
threatening volcanoes, in IAVCEI’s “Decade Volcasibdt produced, in 79AD, the most
famous eruption in the world. In the past 40 ye#ms, eruption has been the subject of a
profusion of publications that have looked at sggraphy, the componentry, the
petrology/geochemistry, and the spatial distributiof deposits (Lirer et al., 1973;
Barberi and Leoni, 1981; Barberi et al., 1980, 19Bigurdsson et al., 1982, 1985, 1990;
Civetta et al., 1991; Lirer et al., 1993; Rosi &t 4993; Mues-Schumacher, 1994;
Marianelli et al., 1995; Cioni et al., 1992, 192900, 2004; Cioni, 2000; Gurioli et al.,
2002), as well as the emplacement mechanisms ansegoences of fall and PDCs
associated with the eruption (Gurioli et al., 200@05a, 2007; Luongo et al., 2003; Cioni

et al., 2004; Zanella et al., 2007). The parameterd physical eruptive constraints
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derived from these studies have been used widdlyearfield of physical and numerical
modeling of conduit and plume processes (Sparks,et976; Wilson et al., 1980; Carey
and Sigurdsson, 1987; Macedonio et al., 1988, 1P8pale and Dobran, 1993; Dobran et
al., 1994; Neri and Dobran, 1994; Neri and Macedpoh996; Scandone, 1996; Papale et
al., 1998; Rossano et al., 1998; Scandone and @tip2001; Todesco et al., 2002; Di
Muro et al., 2004, Esposti Ongaro et al., 2000&WNeri et al., 1998, 2002a, 2002b,
2007). While robust models of plume formation anollapse, or studies of the
emplacement of tephra deposits can be derived fieloh observations and constraints,
conduit models require information about the preesshat occurred under the surface,
from the storage region(s) to the fragmentatiorelleCrystallization and vesiculation
during ascent of magma to the surface are two nm@jocesses that are preserved to
various extents in volcanic rocks (e.g. Marsh, 198&shman, 1988; Houghton and
Wilson, 1989; Cashman and Mangan, 1994; Hammer3;280undy and Cashman,
2008). Through the study of natural volcanic roekttires, it is commonly possible to
derive crucial physical information such as magreaidence time (Mangan, 1990;
Cashman, 1992), magma recharge rates (Morgan et 28I06), surface lava
flow/lake/dome crystallization times (Cashman andrgh, 1988; Cashman, 1993; Crisp
et al., 1994; Hammer et al., 1999, 2000), timescafeascent (Castro and Mercer, 2004;
Noguchi et al., 2006; Polacci et al., 2009), exdeftconduit-induced shearing (Burnard,
1999; Polacci et al., 2003; Wright and Weinberdd®0 and magma properties such as
crystallinity, density, viscosity and permeabil{iglug and Cashman, 1994; Armienti et
al. 1994; Klug et al., 2002; Formenti and Druitd03; Rust et al., 2003; Armienti et al.,

2007; Degruyter et al., 2010). Most importantlyyésicle/crystal texture variations can
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be characterized for an entire eruptive sequemnaekihg complex shifts in the behavior
of volcanic systems through time and space becqgoossible (Gardner et al., 1998;
Polacci et al., 2001; Gurioli et al., 2005; Adantsak, 2006; Sable et al., 2006; Lautze
and Houghton, 2007, Gurioli et al., 2008; Carewlet2009). Since textures are a frozen
record of the last thermodynamic state experienmgda volcanic rock sample, it is
difficult to gain insights into the earlier phagéat have brought this rock to its present
state (e.g. cooling, decompression, mixing, shegarinThus, another branch of
volcanological research has focused on physicakmizal models of crystallization and
vesiculation (Higgins, 1994; Toramaru, 1995, 200gakhovsky et al., 1996; Jaupart,
1996; Kaminski and Jaupart, 1997; Eberl, 1998; Ew et al., 2002; Lensky et al.,
2004; L'Heureux, 2007), experiments mimicking asc@durwitz and Navon, 1994;
Simakin et al., 1999; Gardner et al., 1999, 20G0sen and Gardner, 2000; Mangan and
Sisson, 2000; Hammer and Rutherford, 2002; Mourialanefoi and Laporte, 1999,
2002, 2004; Martel et al., 2003; Larsen et al.,£20Burgisser and Gardner, 2005;
Szramek et al., 2006; Suzuki et al., 2007; Cluzedle 2008), experiments mimicking
storage and crystallization conditions (Rutherfetdal., 1985; Gardner et al., 1995;
Hammer et al., 2002; Rutherford and Devine, 200&hdlis and Rutherford, 2004;
Cigolini et al., 2008) as well as analogue modnlaniki and Manga, 2006; Costa et al.,
2006; Okumura et al., 2006, 2008). All have prodides with the opportunity to
understand and constrain the formation and evaiubiba large variety of vesicle and
crystal textures observed in natural rock samples.

However, the great majority of these studies haaeiged on rhyolitic, dacitic,

trachytic, and basaltic compositions, hinderingrthfigorough application to the potassic
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magmas erupted in 79AD at Vesuvius. Larsen and ri@ar(P004), lacono Marziano et
al. (2007), Larsen (2008) and Mongrain et al. (30P8ovided the first detailed
investigations of vesiculation in phonolitic magniag did not aim to reproduce eruption
conditions. Scaillet and Pichavant (2004), and If&tagt al. (2008) performed phase
equilibria experiments and determined possibleah#torage conditions for magmas
involved in several eruptions of Vesuvius. It rensaunclear whether their results apply
directly to the pre-eruptive conditions inferrea the 79AD eruption. In addition, while
experiments have been performed to determine timetiks of crystallization of
plagioclase and potassium feldspar in magmas abwsrcompositions (e.g. Lofgren,
1974; Muncill and Lasaga, 1988; Hammer and Rutiheérf8002; Couch et al., 2003), no
similar investigation has been performed on then&dron of feldspathoids (e.g. leucite)
in alkalic magmas. Such magmas occur in many patgnthreatening locations (e.g.
Mediterranean, Malaysia, Indonesia, Canary Islaraag] western United States) and
there is a need for a better understanding of trgstallization and degassing kinetics. In
this dissertation, two detailed investigations presented of leucite crystallization and
vesiculation applied to phonolitic magmas at candg inferred for the 79AD eruption.
Finally, consideration of microscopic textures afogucts from the 79AD
eruption has been initiated only recently by Guradl al. (2005), who examined the
transitions between phases corresponding to fdrtaEU1-EU4. The latter study gave a
glimpse into the complexity of changes in eruptily@mamics over the course of a single
eruption. However, no such study has been perforamethe transitions between fall-

producing and PDC-producing phases of the eruption.

16



3. Dissertation outline

The present dissertation contains four main segtibat together aim to bring a new set
of perspectives on the 79AD eruption of Vesuviustigh experimental petrology and
textural characterization of its products.

Chapter 2 presents some experiments that wererpedl to constrain the
crystallization of leucite crystals in the 79AD whiphonolite magma. Series of
decompression experiments and isobaric-isothermiag. (constant conditions)
experiments were performed to determine whetherD7#Aicites could have crystallized
during ascent — in which case the experiments cprddide direct information on ascent
conditions; whether they formed in the storageaegt in which case the experiments
yield important data on reservoir conditions, oretiter they crystallized as a result of
very slow decompression prior to entering the candlhe experimentally-obtained
crystals are compared to those in natural sampdesstimate eruption conditions, and
derive crystallization kinetics for leucites in nmags of phonolitic composition that can
be used in other comparable volcanic settings anthermodynamic modeling.

Chapter 3 details the methodology that was usedpddorm the textural
investigations of vesicles in Vesuvius rocks. Thositine has been developed over
several years by Bruce Houghton, Kathy Cashmanial@arioli, and their students. The
investigation described herein tests its applitdgbib various settings from effusive to
explosive eruptions, and presents a new softwackage named FOAMS (Fast Object
Analysis and Measurement System) to perform mostthef measurements and

calculations automatically. The program along va#tended guides to perform textural
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characterizations in volcanic rocks have been idiged via a University of Hawalii
website (http://www2.hawaii.edu/~tshea).

Chapter 4 focuses on vesiculation of the same raagurutinized in Chapter 2.
The results of multiple series of decompressioreerpents are presented with the goal
of replicating ascent conditions inferred for theening and the first plinian phases of the
eruption. The textures of the experimental prodaces compared with those of natural
pumice samples to determine which parameters caradsguately reproduced by
laboratory experiments and which require improvegaeeimental setups.

Chapter 5 builds on the textural investigation wififice from the early units of the
79AD eruption by Gurioli et al. (2005). This time study focuses on transitions from
stable convective columns to partially or fully taide eruptive plumes that generated the
destructive PDCs during the magmatic phase of t&&D7 event (EU1-EU3). This
chapter tests the hypothesis put forward initidly Lirer et al. (1973), Carey and
Sigurdsson (1987) and Gurioli et al. (2005), thi&trathe transition from white to gray
magma, the plume became increasingly unstable dumcreases in ejected tephra
density. A detailed characterization of six PDCtsins introduced, and comparisons
between the latter and fall-producing eruptive pkaare made. We propose several
mechanisms that can account for the various fa transitions and suggest a new
conduit model that explains how density may haweedaduring these phases.

Chapters 2, 3, and 4 have been published in peewed journals. Chapter 5
will be submitted for review. Although only succinessential background is given in
each chapter, some information found in the varimioductions may be redundant

because each section is included unmodified fragr tiriginal contents.
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Appendix A: 18"-1¢" century sketches of Vesuvius

Almost every eruption since 79AD has been the suil)é detailed historical writing
(Arrighi et al., 2001; rincipe et al., 2004; Cioni et al., 2008 and refiees therein)
possibly making Vesuvius the b-studied volcano on Earth in terms of writl
eyewitness accounts. Figure-A3 displaysome early “geomorphological” sketches t

show that early observe¢ where already fascinated by the activity of Vesa:

Figure Al: Sketches from different "-19" century field observations and investigati
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Figure A2: Sketches from different "-19" century field observations and investigati
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Figure A3: Sketches from 1" century field observations and investigations
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CHAPTER 2. LEUCITE CRYSTALS: SURVIVING WITNESSES OF
MAGMATIC PROCESSES PRECEDING THE 79AD ERUPTION AT
VESUVIUS

Published in its present form as Shea, T., LarskR,, Gurioli, L., Hammer, J.E.,
Houghton, B.F. (2009), Earth and Planetary Scienocetters, 281, 88-98. doi:

10.1016/j.epsl.2009.02.014
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Abstract

Crystals in volcanic rocks are sensitive recordsnagma chamber and conduit
conditions under volcanoes. Plagioclase is an ualde tool to identify ascent rates for
calc-alkaline magmas, but may be absent in alkatiakts. In contrast, leucite is common
in alkaline magmas and is potentially useful toestigate storage and ascent conditions
prior to volcanic eruptions. Leucite microphenotsyare ubiquitous within the products
from all phases of the 79AD eruption of Vesuviuteady-state (isobaric-isothermal) and
dynamic (decompression) experiments on white phbmghumice from the opening
(EU1) and lower Plinian (EU2) phases of the erupticere performed at temperature
conditions ranging from 800 to 850°C to test thegdality that leucites within this
‘white’ magma formed during ascent. However, mugtiptep decompression (MSD)
experiments using a decompression rate of 0.25 $MBdéd to crystallize leucite even at
pressures well below its stability domain. On tlieeo hand, single-step decompression
(SSD) experiments from 150 MPa to 25 MPa resukurcite crystallization after a ~12 h
lag period, but the skeletal habit and size digtidn differ from those seen in natural
pumices. Instead, euhedral leucites texturally hiatcthose observed in 79AD samples
formed after 5 days under isobaric and isothernBIT) experimental conditions.
Crystallization conditions derived from the lattekperiments suggest the magma
reservoir was thermally zoned with cooler EU1 (T88340°C) overlying slightly hotter
EU2 (T=850-925°C) magma. Two models for naturalstefization conditions are
consistent with the experimental data: either kesciformed at ~4 km depth (P~100
MPa) in a steady storage environment inside a magghaated with LD-rich vapor, or,

alternatively, the white magma was initially unddtsated with respect to,B and
23



leucites formed during a slow depressurization evymior to the eruption. Leucite
crystallization seemingly adheres to the classimatleation theory, and supports a
compositional (i.e. D) control on surface tension. Derived minimum leugrowth
rates reach ~10mm s', comparable to the fastest growth rates obsemeglégioclase

crystals in calc-alkaline magmas.

1. Introduction

Vesuvius, Italy, entered the history of volcanologg Pliny the Younger, who
documented the famous eruption that devastatedRtmean towns of Herculaneum,
Pompeii, Stabiae and Oplontis in 79AD (e.g. Sigsotset al., 1985). Because the
volcano’s flanks now have a population exceedin®,®00, it is a key focus of
volcanology research. Despite being very well siddithe pre- and syn-eruptive
magmatic processes related to the 79AD event armplex, and still poorly understood.
This eruption emitted-2.8 knt DRE (dense rock equivalent) magma in less thain &9
a complex succession of fall and pyroclastic dgnsitrrents (PDCs), e.g. Lirer et al.
(1973), Sheridan et al. (1981), Sigurdsson et1#8%), designated EJ& from base to
top (Cioni et al., 1992). During the eruption, mageomposition shifted sequentially
from “white” K-phonolite to “gray” K-tephriphonolé (e.g. Carey and Sigurdsson, 1987;
Cioni et al., 1995). The phonolitic end-member pugs represents residual
tephriphonolitic magma from the Avellino eruption~3000 years BP), which
subsequently fractionated to form the upper, contiposlly layered portion of the 79AD

magma chamber (Cioni et al., 1995). In contrast, “ray” tephriphonolite erupted in
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79AD is a mixture of more mafic, K-tephritic magmaeriodically injected into the

chamber, with the pre-existing K-phonolitic

o Table 1. Major element chemistry for
magma (e.g. Cioni et al., 1995). EU1 and EU2 natural samples.

The early erupted white magma deposits - Wt%  EUL14-1-2  EU2VI15-2-9
Si0,  54.91(0.26)  55.41(0.38)

o _ TiO, 0.31 (0.14) 0.26 (0.11)
are divided into EU1l and EU2 fall layers, AlLO;  22.30(0.23) 21.97 (0.45)
FeO* 2.16 (0.13 2.90 (0.38
separated by proximal, locally dispersed PDC m;g 8:3‘31 §8;8§§ 8:53 28;(1)5;
caC 3.11(0.22 3.69 (0.25
deposits. Chemically, EU1 and EU2 bulk N&O  6.22(0.19 532 (0.21
K,0 9.89 (0.42) 9.17 (0.39)
N _ _ _ cPe 0.54 (0.08) 0.26 (0.14)
compositions are only slightly different with P,0s 0.09 (0.04 0.12 (0.05
Totald¥  99.20 (0.41) 99.76 (0.58)
respect to major elements, with $jAvigO, CISV\/’ 14 19
or 57.C 54.2
- - . . Ab 4.6
CaO being slightly higher in EU2 and X3 f 37 o4
_ _ Ne 285 21.2
Al,O3 and KO higher in EUL (Table 1). EU1 Di 5.2 6.9
Lc 1.1

and EU2 pumices both have a complex
¢ Clis reported as oxide weight percent.

. . . ® Original totals with analyses normalized to
mineralogy, with phenocrysts of alkali 100%.
¢ Total number of electron microprobe
analyses of glass created by melting
powders in AusPds tubing for 10 minutes
at 1300°C.

garnet, and minor plagioclase and Fe-Ti ¢ CIPW norms, main phases wt%

feldspar, clinopyroxene, amphibole, mica,

oxides, in order of decreasing volumetric abundaecelosed in a glassy groundmass
with microphenocrysts/microlites of leucite, sanigli pyroxene and amphibole (Cioni et
al., 1995). Although less abundant volumetricalhart sanidine, leucites are more
numerous in the 79AD pumice samples and typicabbpsare 2um in diameter (Gurioli
et al., 2005b). In general, crystal size is inidaBly linked to nucleation and growth
conditions (Cashman, 1992), with phenocrysts (>89 usually forming within a
magma reservoir, and microlites (<30n) growing during ascent or cooling after

extrusion. The 25um size of the 79AD leucites falls between micraliteand
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microphenocrysts, a size range for which conditioiformation are equivocal. Here, we
examine whether the 79AD Vesuvius leucite crystadliduring rapid magma ascent akin
to plagioclase microlites in other magmatic systéeng. Cashman, 1992; Geschwind and
Rutherford 1995), or whether they formed at low rdeg of undercooling in a more

“static” storage environment prior to eruption.

2. Methods

2.1. Phase stability

The use of phase equilibria experiments to invastighe stability of crystals in a

given magma is aided by independent knowledge efrihjor volatile contents and O

conditions. Water saturation (iX%.[,, =1) was found by Rutherford (1996) to be

consistent with the crystallization of the mine@dsemblage present in the 79AD
phonolite. The absence of measurable, G® melt inclusions, also supports water
saturation conditions, and was interpreted to tefoim CQ, degassing at magma
chamber depth (Cioni, 2000). Even if the magma ®&s-poor immediately prior to
eruption, it may have been present in the melhagalier stage of magmatic evolution
(Scaillet and Pichavant, 2004).

All experiments used }D-saturated conditions and f@as maintained at Ni-
NiO + 0.5 to 1 log unit (Rutherford, 1996; Scailsetd Pichavant, 2004) by inserting Ni-
filler rods in Waspaloy pressure vessels. The iatartmaterials consisted of finely
powdered EU1 and EU2 natural pumice, welded ingigePdo or Au capsules with

~10% de-ionized kD to ensure saturation. The experiments were riir&90-1000 °C
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Table Z: Phase equilibria and reversal experimental cawdit with performed leucite measurements.
Reversal labels refer to starting material used.

Sample nami P T tatP Lc Sample namt P T tatP Lc
Phase Eq. Reversals
EU1 EUl
79ADEU1-2 150 850 152 no R4-EU1-10 25 880 6-7 days/es
79ADEU1-3 150 800 163 no R4-EU1-8 25 880 6-7 daysyes
79ADEU1-4 15C  85C 167 na R5-EU1-13 178 80C 6 day: nc
79ADEU1-5 100 825 212 yes R5-EU1-16 175 800 6 days no
79ADEU1-6 150 825 212 no R6-EU1-5 125 825 5days es y
79ADEU1-7 50 825 212 yes R6-EU1-6 125 825 5days es y
79ADEU1-8 50 850 212 yes R7-EU1-13 115 840 5 daysyes
79ADEU1-10 100 875 164 yes R7-EU1-14 115 840 Sday yes
79ADEUI-11 10C 85( 164 yes R8-EU1-18 125 80C 5 day: nc
79ADEU1-12 200 850 164 no R8-EU1-13 125 800 5 days no
79ADEU1-13 100 840 188 yes EU2
79ADEUI-14 15C 84( 18¢ ne R4-EU2-7 25 88( 6-7 day: yes
79ADEUI-1€ 17¢ 82t 16¢€ ne R4-EU2-79VB7 25 88( 6-7 day: yes
79ADEU1-17 100 810 166 no R5-EU2-5 175 800 6 days no
79ADEU1-18 50 800 166 yes R5-EU2-79VB21 175 800 dags no
EU2 RY-EU2-7 10C 84C  5day:  vyes
79ADEU2-1 150 850 162 no R9-EU2-5 100 840 5days es y
79ADEU2-2 150 800 163 no R10-EU2-5 80 860 5.5dayses
79ADEUZ-3 15C 85( 18¢ na R1C-EU2-79V1 80 86( 5.5days yes
79ADEUZ-5 12t 83( 12C na R11-EU2-79VvB21 125 80C 6 day: nc
79ADEU2-7 50 840 125 yes R11-EU2-9 125 800 6 days no
79ADEUZ-8 15C 80C 12t na
79ADEU2-9 50 800 120 yes P: Pressure, MPa
79ADEU2-10 150 825 122 no T: Temperature, degBassius
79ADEU2-11 100 850 144 no t at P: Time at pressanglitions, hours
79ADEUZ-12 15C 85C 137 ne Lc: Presence of leucit
79ADEU2-14 200 815 168 no
79ADEUZ-1E  20C  85C 144 na
79V1 75 880 72 yes
79V2 150 850 144 no
79V3 150 880 23 no
79vB21 20C  80cC 23 na
79vB22 200 840 24 no
79vVB24 100 800 24 yes
79VS1( 5C 88C 28 yes

and Rp0= 25-200 MPa for 5-9 days (Table 2), and quenchedater. Mineral stability
for all detected phases was assessed by inspedifioerystal morphology and
reaction/dissolution textures using SEM and EDSyais in order to construct phase
diagrams for both EU1 and EU2 (Fig. 1). Reversaeexnents (R4 to R11 in Table 2),
were performed at chosen P-T conditions to refireelocation of the leucite-in curves.
Small capsules of material derived from phase #xigl experiments run at different

27



condtions (one was run at conditions above the le-in curve, the other one belo

were placed in a same larger capsule at similaditons to fine-tune the leucite curv

2001 EU1 2000 oo EUZ
Al
1501 1501 o
5 © X o
o ol
2 100/ S j00| 7 u :
N 8 Lc X
Px D_I I:I\
501 50 [ ] u}
Ox
0 . : : . 0
775 825 875 925 875 1025 775 825 875 925 975 1025

Temperature (°C) Temperature (°C)

Figure 1. Phase diagramerived from IE-IT experiments. Stability curves inyR-T space for (a) EU1 and
(b) EU2; empty symbols represent leu-free experiments, and black symbols experimentsvhich
leucite crystallized. Double triangles symbolizeawsal experiments. For most reversals, leucitkilgia
was approached from th sides of the curve (i.e. crystallization and mg)k EU1l and EU2 als
crystallized garnet and mi; however, the positions of these stability curaesnot well constrained.

2.2. Single and multipl-step decompression experim

The decompression expelents were run using two approaches. S-step
decompressions were achieved through rapid decasipreto 25 MPa, and holding f
5 min to 7 days before quenching, replicating iraégd decompression rates of 0.000
0.41 MPa/s (TableAl in additional material).Through this methodwe aimed to
characterizehe evolution of nucleation and growth rate follagia largethermodynamic
perturbation (Hammer and Rutherford, 2002). Mu¢-step decompression experime
wererun with 5 MPa pressure dropslowed by 20second hold times after each st
simulating a linear decompression rate of 0.25 PBable £2). This rate was chosen

mimic a 10 m/s average magma ascent rate, calculatednafteels from Papale ar
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Dobran (1993). This value is well within the randetermined for explosive Plinian

eruptions (0.1 to 20 m/s, Gardner et al., 1999;dGar et al., 2000; Rutherford and
Gardner, 2000) and is conservative compared tB8h4&0 m/s ascent rates required to
reproduce discharge rates calculated for the 79Aipte®n (CONFLOW, Mastin, 2002).

Although magmatic ascent in nature is probably oear, use of a linear decompression
rate of 0.25 MPa/s is considered an acceptableoajppation given a short total magma
ascent timescale of several minutes. In both célsegxperiments were conducted using
run products equilibrated previously for 5-7 dayspaessure conditions above the
stability curve (150 MPa or 200 MPa) to obtain ieetfree starting materials (Fig. 1).

The experimental temperatures of 800-850°C encosnpasinge determined for the 79

AD magmas from prior studies (Barberi et al., 198ini et al., 1995).

3. Results

The position of the leucite stability curves intbdU1 and EU2 bulk compositions
are reported in Figure 1. The dashed curves shewapiproximate stabilities of major
phases crystallized: plagioclase, oxides, sanidere] pyroxene. The positions of
pyroxene, sanidine and oxide-in curves are uncaingtdl for EU1l, as no experiments
were performed above 8%; they are shown as determined for EU2 and arsidered
very approximate. The amphibole curves are showrsdiyl lines to emphasize their
wide stability ranges in both EU1 and EU2. The i®ustability curves are relatively
constant in pressure, ranging between ~75 and 12& Mh both EUl and EU2
compositions at temperatures up to at least®8UThe higher temperature experiments in

EU2 show no leucites at T=98C and R0 as low as 50 MPa.
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Natural sample EU1
Nafural sample EU2

IB-IT EU1
IB-IT EUZ2

10 |J ] G - 75 m N =880°C

P=100 MPa P=50 MPa

IB-IT EU1
IB-IT EUZ

100 um 'T=840°C  t=5 days

100 um T=840°C =5 days
P=50 MPa

P=115 MPa

Figure 22 BSEM images of selected samples. (a) and (b) EUWLEAS2 naturl samples, highly vesicular
containing euhedral, homogeneously distributeditesic(c) and (d) EU1 and EU2-IT runs respectively.
(e) Typical growth texture of a very large EU1 l@eavhich crystallized very close to the phase&biity
curve. Growh of this crystamay have been limited by available space. (f) EU2 pleapelibria leucites
formed at temperatures below T=850°C are skeletdlcdustered. Lc=leucite, Kfs=-feldspar, GI=Glass,
Vesicles/pore spaces in black in the SEM ime
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3.1. Leucite morphology in decompression experiments

In the natural pumices, leucites are clean, unzonedhedral crystals
homogeneously distributed within glass (Figs. 2d Bh In contrast, the EU1 and EU2
SSD experiments produced skeletal leucites (seti@ul material, Fig. Al), that grew
into branching clusters, irrespective of hold tiamel temperature. With increasing time at
the final pressure (5 to 10080 min at 25 MPa), iteushapes successively varied from
small skeletal clusters to dendritic branches tesive, formless leucite domains (Fig.
Al, Table Al). These complex habits and the hetaregus distribution of leucites in
EU1 and EU2 SSD are far different from those obee@im the natural samples. Although
the MSD series were run to approximate the aveasgent rate of the 79 AD magma,
none of the MSD experiments crystallized leucieagn at 25 MPa, which is well within
the leucite stability field (Fig. 1). Simple tex&liobservations from both SSD and MSD
experiments show that neither decompression seg@gated leucite formation in the

natural magmas.

3.2. Isothermal—isobaric experiments applied to leuddgemation in the

79 AD magmas

Because the decompression experiments did not pgatdtes that compare well
with those enclosed by 79AD white pumices, we eraaiithe leucites that formed in the
phase equilibria experiments since their textutedracteristics match very well those
observed in nature. In essence, the phase eqail#xperiments better approximate low

degrees of undercooling and crystallization at +gepiilibrium conditions, more
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appropriate for a magma reservoir than a condiné phase equilibria experiments are
labeled isothermal and isobaric (IB-IT) experimemseafter, to draw a clear distinction
with the rapid changes induced during decompresssamilarly, reversal experiments
provided verification of the leucite stability casy, as well as validation of the IB-IT
experiments to characterize leucite textures.héf morphologies of leucites in reversal
experiments are similar when approached via metiingrystallization (i.e., from either

side of the curve), then these are consideredipd#pendent.

3.2.1. Leucite morphology in IB-IT experiments

In general, natural textures were reproduced iniTiBans (Figs. 2c and d), with
some apparent variations between EU1l and EU2 ewpats. Nearly all EU1 runs
produced equant, homogeneously distributed leucité® only exception to this is
experiment 79ADEU1-18, run at relatively low pregswand temperature (T=800°C,
P=50 MPa), in which clusters of leucites were obsérinstead of free crystals. Most
EU2 leucites in runs below 850°C strongly clusteruad small vesicles (Fig. 2f), while
above 850°C, the EU2 leucites are spatially homeges and equant, akin to those
formed in EU1 at T>800°C. Hence, at T=800°C in Ebid at T<850°C in EU2, IB-IT-
derived leucites are texturally comparable to thfmsened in SSD experiments. Only
above these temperatures do leucites grow simitartheir natural counterparts. Lastly,
close to the inferred leucite stability boundary)1Eexperiments crystallized only a few

very large individual crystals (Fig. 2e).
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3.2.2. Leucite textural characterization

In using the IB-IT experiments to draw kinetic infation, we assume that the
mechanically as well as thermodynamically perturegpgerimental system will return to
chemical and textural equilibrium at the new P—hditons. The time interval used to
derive crystallization rates then becomes the tiegessary to reach equilibrium. Taking
into account that pulverizing the starting materralwhich leucites are present might
have a strong influence on the experimental crystatber densities (Ns) and derived
nucleation rates, a section addresses these mattées discussion.

Experimental and natural crystal content (vol. ¥ymber density (N, and size
(mean and maximum diameters, and mean diametetavfi&st crystals ipm), are used
to derive average and maximum leucite nucleatioesta(mm® s) and growth rates Y
(mm s% (Table 3), using the 5-day run duration that vimferred to ensure near-
equilibrium conditions. Experiments that were ruonder (8-9 days) do not show
substantial mean size differences (e.g. 79ADEUIFBys, the 5 day-period is preferred
over longer run times and probably represents armar since equilibrium conditions
may have been reached earlier. The quantificabsk proved much more difficult for
EU2 than for EU1 because half of the charges coimiguleucites lacked discrete crystals
appropriate for size measurements (e.g. Fig. 2f).

In both EU1 and EU2, the leucite stability fieldagnfined to pressures below ~125
MPa at a relatively wide range in temperatureg, &hd mean sizeSnean are used to
calculate the time-averaged nucleation and growtlesr versus pressure (Figure 3).
Although few data are available for EU2, the estedanucleation ratekfor EU1 and

EU2 are indistinguishable as a function of expentakpressure below the stability limit
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Y {(mms")

at 125 MPa, anihcrease exponentially fro~10° mm®sat ~ 125 MPa, to 0.34 ns*

at 25 MPa (Fig. 3).

+[~--Data fitA RTEUT-13g | [~ EU1
8x10°1 T p Rt e }‘ EU1 .," 044 7 *
B Jo Eu2 J JReEUTS 03l
] ; -
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Figure 3. Rates ofleucite growth and nucleation in EU1 and EU2. und 10(-125 MPa, close to the
leucitein boundary, nucleation rates are extremely lowlevigrowth rates are at their peak. As pres
decreases, growth rates stabilize while nucleatmes increase exponentially. The few experim
available for EU2 Isow that differences might exist only in growthesf(i.e. dotted line “Data fit C” |
shifted towards lower values). Black curve in cerdf thel plot shows a logarithmic fit of the forl= -1.
9325x16 In(P) + 9.42x1® (R?=0.95) between 25 and 125 MPahich is later used to obtain surfe
tension from classic nucleation theory formulati

In contrast]eucite growth rates are highest close to the upeility pressure (~125
MPa), with EU1 growth rates exceeding 4:® mm s' for the three expiments closest
to 125 MPa, decaying tc-3x10% mm s' at ~100 MPa, antemaining nearly constant
lower pressuresTwo fits of comparable >~0.90 values are proposed: in Data Fit A (|
3), growth rates attain their penear the stability limit, and ltarnatively,in Data Fit B,
growth rates reach maximun before the stability pressure conditions. In bahkes, thi

offset betweemucleatiorand growth rateurves with respect to effective undercoolis
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consistent with previous work and the claal theory (Kirkpatrick, 1981, Hammer a
Rutherford, 2002, Couch et al., 20. With the exception of the EU1 experiments
very close to the leucite stability curve (E-10, R6EU16, R7EU-13, see Fig. 1), mean
size does not vary significantly througlt the P-T domairexamine:. Although fewer
data exisfor EU2, those experiments also show consistendaehwith a shift toward

smallersizes compared to EU1 (Data Fit |

Natural

03| n=1328
Pl EU1

0.02

0.07

0.02

0.01

Volume fraction

Natural
EU2

0.02

0.01

Figure 4. Comparisons between leucites forme all
staic experiments and those observed in nat
samples. Leucite size distribution in terms of vo&
for EUL/EU2 pumices and static experiments,
obtained using the stereological conversion me
derived by Sahagian and Proussevitch (1998)
binned ughg geometric size classes. N is numbe
measured leucites.
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Table Z: Leucite crystallization results from EU1 and E&éeriments and natural pumice

P d d d d dy dy Ny f
(MPa) T(°C) 3¢ % mean  mode max maxs xl’“&%" xl”"g? 10°  (mmsh
(nm) (nm) (nm) (nm)
IB-IT
79ADEU1-5 10C 82t 12.t 24.C 2t 65 53.7 2.7¢ 6.21 3.1¢ 0.07¢
79ADEU1-7 5C 82t 23.C 22.¢€ 2t 74 62.7 2.61 7.2€ 7.94 0.18¢
79ADEU1-8 50 850 21.0 24.4 25 82 70.1 2.83 8.11 36.1 0.142
79ADEU1-10 100 875 11.5 37.1 315 94 84.2 4.3 9.74 131 0.03
79ADEU1-11 10C 85C 13.t 26.7 2t 82 73.€ 3.0¢ 8.52 2.2 0.0%1
79ADEU1-13 10C 84C 16.7 28.¢ 2t 10z 76 3.3¢ 9.0¢ 3.7: 0.08¢
79V1 75 880 14.1 17.7 16 43 38.7 2.06 4.48 3.85 89.0
79VSI1( 5C 88C 18.¢ 16.4 2C 40 35.¢€ 1.€ 4.1F 5.3¢€ 0.12¢
Reversals
R4-EU1-8 2t 88C 30.7 21.4 2C 45 44 2.4¢ 5.0¢ 14.7( 0.34
R6-EU1-6 12t 82t nd 54.C nd 65 nd 6.2 nd 0.2z 0.00¢
R7-EU1-13 115 840 nd 70.0 nd 140 nd 8.1 nd 0.03 o0aro
R10-EU2-5 80 860 15.2 16.5 16 27 25.9 1.9 3 469 108.
EU1 Natural - - 17.91 24.4 (6) 25 57.6 74 - - 3.12 -
EU1 Exp. - - 1655 () 25.8(5) 25  77.3(11) 102 2.98(0.38.95(1.1) 4.03 0.093
EU2 Natural - - 13.82 19.0(6 16-2C 41.2 49 - - 4.5t -
EU2 Exp. - - 16.06 (3) 19.6(7) 1620 33.8(8) 43  1.95(0.28.91(0.2) 5.63 0.107

Jeucite volume %

®mean diameter (ga)
°mean size of 5 largest crystals,{&) and size of largest crystals.{g)
%time-averaged, mean growth rates,{Y) and growth rates for 5 largest crystalg.4y, in mm st
®number of leucites per unit volume\corrected for vesicularity, in m

ftime-averaged nucleation rate (I) derived frog) M mmi® s*

The relatively constant average growth rates aressdbserved in both EU1 and EU2

experiments allows us to merge the crystal sizeibligions (CSDs), obtained from static

experiments, into two size distribution plots (Figd; also see Table 3). We excluded the

EU1l experiments EU1-10, R6EU1-6 and R7EU1-13 bexahsir growth rates are

variable, and fewer than 15 crystals were obserVggically, EU1 and EU2 leucites in

both IB-IT and natural samples show very similaimodal distributions. However,

leucites within experiments and natural pumice Jaryerms of their size distributions,

volume fractions, and number densities between &wllEU2 compositions.
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EU1l experiments and natural pumices have indistihgile mean sizes of
Omea=25.8+5.3um and dmea=24.4+5.8um respectively (Table 3), slightly larger than
those observed in EU2, in which mean sizesdakg+19.0+6.2um in natural samples
and dnea=19.6+6.8um in the experiments. For EU1 and EU2 experimecafgulated
average growth rates ar¥mnear2.98x10° mm s', and Ymear1.95x10° mm ¢
respectively. The mean sizes of the five largest Blicites are 57.6 and 77udn in
experimental and natural samples respectively. @hase larger than their EU2
counterparts, with 33.8 and 41L.@n respectively. Thus, average growth rates derived
from the five largest EU1 experimental crystals ¥#gs=8.95x10° mm s', nearly twice
as large as those calculated for EWR4(=3.91x10° mm s%). Both natural pumice and
experimental leucite histograms from EULl also pessa distinctive modal peak at
equivalent diameters of 24n, while those from EU2 lack a clear mode. R6EU4RE
R7EU1-13 contained the largest leucites of the exmmtal set ¢mea=54 um and
dmea=70 um respectively) and, consequently, yielded muchhdrignean growth rates
(Ymea6.25%x10° mm s and 8.1x18 mm sY).

While leucite size is relatively invariant as adtion of experimental pressure {00
MPa; Fig. 3) or temperature, crystal volume frattiocreases significantly as pressure
decreases. At 100 MPa, leucites comprise 11.5-1d.7%, corrected for vesicularity,
while at 50 to 25 MPa, they make up 21-30.7 vobf%&U1 experiments. Therefore, as
pressure decreases and crystallization advancas, remains constant while leucite
volume fraction doubles. This trend is clear in thse of EU1 but unconvincing in EU2,
possibly reflecting the smaller range of experimkempressures that yielded individual,

euhedral leucites.
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Experimemal leucites have somewhat higher number dengigesunit volum than
the natural samplesvith Ny~ 4.03x10 mm?® in EU1 andNy~ 5.63x1(* mm* in EU2. In
contrast, the natural pumices heNy ~ 3.12x1¢ and 4.55x1Omm™ for EU1 and EU2
respectively. Tis is clearly visible ina plot of In(n)(n is number of leucite versus
crystal size (Figb5a), in which the experimental samf show a consistent shift towar
higher number densities compared with the natusahipes, despite similarities in 1
overall shapes of the curves. This is most likely an efteatsed by grouping the da
while leucite size is mostly invariant throughou Eand EU2 and justifies using
“integrated” size distribution, number densitiesysubstantially in between expeients
and should be treated individually. Whely, is plotted against leucite volul % (Fig.
5b), the relationship becomes quite clear: leucittume % increases with numb
density. The naturdEU1 pumice leucite number density and volume fraciclosely

matches experiment E-13 (P=100 MPa, T=840°C).

— EUA1 natural 161 » EU1 experiments
————— EUZ2 natural ¥r EU1 natural

........... EU1 experimental
-------- EU2 experimental

124 © EU2 experiments

é ¢ EU2 natural
x
t gl
13 8
=3

=

...... 4

[a] 0 : EU1-13 ‘ [b]
0.02 0.04 0.06 0.08 1c 13 20 25 30
Diameter d{mm) Volume %

Figure 5: (a) Leucite size distribution in terms of numhdote the good correspondence in terms of ¢
shape between experiments and natural samples, #dse the systematic shift towards highe, in both
cases, probably due to grouping of the experimedtdh. Gray arrows illustrate the possibility
coarsening processes affecting the distributiorrdaiucing small individuals to increase larger or(b}
Plot of leucite number densityy againstvolume fraction. The relationship indicates leucitentent
increases in volumdominantlyby nucleation rather than by growth.
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4. Discussion
4.1. Crystallization during decompression

Leucite habits in the SSD experiments are unusaaipared with the natural
leucites, indicating crystallization began in a leation dominant regime, followed by a
period of rapid growth, as the crystals eventuatigrge and form large branched
aggregates (see Fig. Al in the additional materieducite nucleation in the SSD
experiments occurred after an average of 1250 mRbaMPa, indicating a substantial
nucleation lag period hardly reconcilable with t#& min inferred for the magma to rise
through the conduit (Papale and Dobran, 1993). Everastest-growing leucites formed
only after 30 min (79ADEU1-6c, Table 3), which wdumply a total ascent timescale
four times slower than that postulated by Papate@obran (1993), and about ten times
slower than that which is needed to produce thehdige rates calculated for this
eruption. The complex SSD leucite shapes and thwplate lack of leucites in MSD runs
provide clear evidence that the decompression erpats do not replicate leucite
formation in the 79AD phonolite magmas. Probably loelt viscosity fosters a very fast
ascent during plinian eruptions, not allowing feudite crystallization in the conduit.
Instead, most water-saturated IB—IT experiment§aage the size ranges (15-gb) as
well as the textural contrasts observed between &ulEU2 natural leucites, with EU2
containing smaller crystals on average than EUlstMB-IT experiments in which
nature-like leucites form, were run at a lower @éegof undercooling with respect to the
leucite stability curve (Fig. 1). Moreover, the encboling in the IB—IT runs is generally

imposed over longer average timescales than ilélcempression experiments. Hence,
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the crystal-melt system was able to respond anthraanear-equilibrium state only when
the imposed experimental conditions were approxaiyaisobaric and isothermal at

relatively low degrees of undercooling.

4.2. Influence of initial material on experimentally-dexd textures

The starting materials used for the experimentstawl they are treated prior to
experimentation may influence the outcome. For eteamhe use of natural crushed
pumices could produce different results dependmgvbether the powders are first fused
to very high temperature and then subjected to dovesnperatures, or whether
unmodified powdered natural material is used. Bb whether the leucites formed in IB—
IT experiments bear evidence for crystal textunderited from the starting powders, we
compare features of the experimental number dessitrystal shapes, and results from
the reversal experiments with those expected gognpletely inherited textures from
the starting materials.

To test the possibility that leucites grew from aliminitially depleted in
crystalline phases, we conducted four IB—IT experita at 100 MPa and 800 to 850
for which the powders were first equilibrated aO-saturation at 106C and 100 MPa
for 72 hours. Those experiments were then quenahddhe splits of the material were
re-loaded into new capsules in the presence,6f &hd run at 800 to 83D at 100 MPa
for 90 to 120 h. These resulting experiments caethno recognizable minerals (79VB2,
and 79VB9 to 13, Table 2). Instead, the melts agokto segregate into domains that
have compositions similar to sanidine or leucitiglfhk and high Al), but with non-

stoichiometric oxide ratios. Thus, it appears ttet super-liquidus pre-annealing step
40



disturbed the melt structure to the point whereabtvation energy barriers for crystal
nucleation were not overcome during the experimetimae-frame. Most likely, this
process eliminates clusters of atoms near thearisize (Kirkpatrick, 1981) that would
have otherwise grown into crystal nuclei upon deg@ssion. Hence, because the pre-
annealed samples did not produce anything thabnaéady resembled the natural pumice
crystal textures, we only interpret the resultsxfrexperiments using natural untreated
starting materials.

The use of powdered starting material, without mpifigsion at super-liquidus
conditions, means that the experiments containeghed crystal fragments of all
minerals in the phase assemblage (leucite, sanigymexene, etc.), in the proportions in
which they existed prior to eruption. The melt i rich in heterogeneities, as is
expected for a sub-liquidus magma. The IB-IT expents were performed over ranges
in temperature and pressure that bracket thosed¢pabduce the major phenocryst and
microphenocrysts phases found in the natural puani{Eey. 1). About half of IB—IT
experiments approached their steady-state crystgllby melting and about half by
crystallization. Coherence of textural results umg from P-T conditions representing
both lower and higher crystallinities than the tatgr material suggests that the direction
of approach was not a factor controlling the fitedture. Indeed, the effects of crushed
leucite crystals from the pumices on any possiblesiited experimental \Nshould be
random and invariant as a function of experimeptassure. Figure 3 clearly shows that
nucleation rate, calculated from measured expetahdy,, varies systematically with
experimental pressure, and is thus not random, deygends on the experimental

conditions. The same can be said about the vamiatid\,, with volume fraction (Fig.
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5b). This altogether supports the assertion thatettperimental leucite \&s are related
to experimental conditions, and are not inheritedifthe starting powders.

The experimental leucites also exhibit euhedral tawted shapes, consistent
with interface-limited crystal growth textures (Katrick, 1981). Crushed leucites that
had not undergone growth at experimental conditimesild appear angular or even
resorbed in the experiments. Thus, even,ififdd been influenced by the distribution of
crystals in the starting material, leucite growthstnhave proceeded as a function of the
experimental conditions (Fig. 3).

In summary, the measured leucitg,izes and habit in the IB—IT dataset all
point towards internal consistency and not inhdritextures from the pre-experimental
sample material. Further comparisons between liyitierystal-rich and crystal-free
starting materials illustrate that leucites arellykto have formed in the presence of other
phases. Thus, although we acknowledge that thehedustarting material probably
helped to facilitate leucite formation through metgeneous nucleation, the effects of
inherited crystal number densities and growth rdtesctly from the un-annealed starting

powders is relatively minor.

4.3. Thermal zoning within the upper reservoir

The IB-IT experiments indicate differences in maticneemperatures between EU1
and EU2 in the reservoir. In EU1, euhedral, indirbleucites crystallize homogeneously
over almost the entire temperature range examinxedpé at T=800°C. A minimum
temperature between 800°C and 825°C can thereferénferred. Also, amphibole,

present in EU1 natural samples, cannot crystaditZE>860°C at ~100 MPayk (Fig. 1)
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Thus, the EU1 magma likely had T=800-860°C. Amplabstability offers a good
marker in the 79 AD phonolites because it crystafiiat pressures greater thapoP-50
MPa, and is insensitive to volatile saturation dbads. The experiment which best
reproduced the natural EU1 textures was run at U=B4and is a better match than
experiments run at similar pressures at T=825°C @m850°C. Hence, using this
additional textural constraint, conditions for Etdn be refined to T=830-840°C.

In the EU2 experiments, leucite textures comparébléhe natural ones form only
above 850°C. Similarly, amphibole in EU2 is fourm e stable experimentally at
temperatures less than 875 to 925 °C. Thus, the lBB@ma was hotter, with T= 850-
925°C range. The experiment that best replicates ndtural EU2 leucites is 79V1
(T=880°C). Hence, the Vesuvius 79AD phonolite magmeere not only slightly
compositionally zoned, but likely thermally layered well. The thermal differences
could arise from the late arrival of the K-teplwitnelt batch which mixed deep within
the chamber to form the gray tephriphonolitic magmesiding beneath the EU2 magma.
In this configuration, temperatures argyF830-840°C, and g,,=850-925°C. These
conditions are corroborated by Cioni et al. (1998)p found two distinct populations of
homogenization temperatures in melt inclusionstlier white magma: one between 800
and 850°C, in agreement with EU1 temperatures fdwardin, and the other one between

900 and 950°C, slightly higher than those deriverd5U2.

4.4. Leucite crystallization conditions

In this study, phase equilibria data constrain iteucrystallization at o ~ 100

MPa, and textural observations predict temperatlir€330—-840°C for EU1 and T=850—
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925°C for EU2. If magmas were,B8-saturated in the Vesuvius 79AD reservoir, then
leucites might have grown under relatively steadggma chamber-like conditions at ~4
km depth. On the other hand, if @@as initially present in a deeper magma chamber
(Scaillet and Pichavant, 2004), leucites could haegeystallized after slow
depressurization or stalling during ascent. In thizdel, EU1 and EU2 magmas could
originally have resided leucite-free at 200 MPa. Slow depressurization without
magmatic ascent (e.g. Scandone, 1996) could hayanlet least several days before the
Plinian phase of the eruption began, and gradiraibpposed a >100 MPa pressure drop in
the reservoir. Once the leucite stability horizoasweached, the crystals grew to their

final sizes in both EU1 and EU2 magmas, prior teat

4.5. Leucite crystallization kinetics

4.5.1. Leucite nucleation

According to Figure 3, experimentally-measured eatbn rates for leucites are
dependent oalP, whereAP=P eservoir - Prucleation @nd thereby on dissolved,® content
and effective undercoolingT4). Crystal nucleation rated)(depend on the energy
necessary to form a cluster of critical size which is generally termed the interfacial
energyos. In classical nucleation theory (CNT),and ¢ are linked by the following

equation (Kirkpatrick, 1981; Hammer, 2004):

=D Tex _A(TBDJ (Eqa. 1)
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ke,

whereT is temperaturey is viscosity kg the Boltzmann constan#, = v is the pre-

exponential factor withny volumetric concentration of reactant atoms anthe jump

16703

2
\4

distance between atoms, amfxG" = S(@)is the free energy required to form

critical nuclei having properties of the bulk seligith ¢ the wetting angle between the

nucleus-wall and nucleus-liquid interface. The biude energy change per unit volume

during transformationG, =\A/—G encloses the volume of the crystallizing ph&gseas
M

well as the energy change term, which can be appeigd using Turnbull's equation

AG = AHAT

, WwhereT, is the liquidus temperature of the crystallizifgape at a given
L

pressure, andH is the enthalpy of formation of the phase from edata afTl. Inserting

the above equalities into Eq. (1) yields:

_ 3T 2 2
| = an\;T ex 167720' Tl_2 Vy, (Eq. 2)
3% 3AH 2AT %k, T
The interfacial energy can then be found by rerairag equation (1) into:
1
3
{ln(l ) - |n(§j;gT H x 3AH 2AT %k, T
o= i (Eq. 3)

-167T,V,,*
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In these calculations, several assumptions are msuEh asS@)=1 (homogeneous
nucleation), a compositional dependence of therfat@l energy, and the use ®f
instead oAT (Hammer, 2004)4H andVy vary with pressure and temperature, ranging
from 4H=175902 to 193686 J Kand V\y=8.93 to 8.94x18 m® mol™* (taken from the
Computational Thermodynamics Server: http://ctseoha-
research.org/phaseProp.html; see references thesejuomp distancé=3x10'° m was
used (Hammer, 20047+ and T, were measured using phase curves from FiguredL, an
viscosities were calculated following the modelsSifaw (1972) and Romano et al.
(2003). Nucleation rates)(were input in two different ways:

First, and because nucleation rate seems to bdynpoessure-dependent (Fig. 3),

a logarithmic best fit function applied to all exipeents was inserted into Eq. (3)

| =-1.9325x10% In(P)+ 9.42x 10° (Eq. 4)

Because BD content directly depends on pressure, the equatio also be written:

| =-3.646x10% In(H,0)+5.536x 10" (Eq. 5)

o was then calculated using Eq. (3) for differentpenatures (800, 825, 850 and 875 °C)

over the pressure range covered by the experin{@gbtd25 MPa). We emphasize that

the calculated interfacial energy includes effeud$ accounted for by the CNT which

reduce the nucleation barrier, and adgphstead ofc (Hammer 2004).
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Secondly, m an attempt to compathe interfacial energgalculated using the terl
derived from Eq. (4) and Eqg. (5), with interfacgalergy calculied using nucleation rat
measured in each individual run (Table 3), eacheerpent was plotte, along with its
run conditions. Because leucite nucleation rates paessut-dependent, ¢-variations

betweery’, P, H,O, andl are expected.

P(MPa)
25 50 75 100125
1 1 1 1 l 04
ﬂ bl e FuUl
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v | 25
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z L 50
N |
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H,0 w(%)

Figure 6: Link between interfacial energy, nucleation rates |, and intensive variables saslpressur
(and thereby water content). Isotherm curves shaleutateds’ in EU1 for four temperatures using Eq.
in the text. Note that they anot best-fitting curvesdr the individual experimental runs (temperatt
displayed in gray (a) Interfacial energy decreases with increasiuager content and (b) nucleation r
(and thereby inversgressure) increases wish

As in Hammer (2004 the interfacial energys’ decreases with increasi
experimental KO pressuresuggestinga compositional control on nucleatikinetics
(Fig. 6a). Hence, at the inferretemperatureconditions for EU1 and EU2 and f
pressures P~100 MPa, surface tension is roughi9.07 N n* for EU1 ando’<0.05 N
m™ for EU2. Nucleation rate (I) show a positive correlationith increasing interfacie

energy (Fig. 6b)This is expected from Eq. (3) since interfacialrgges related to th

a7

P(MPa)



logarithm of nucleation rate by a cubic root. Thighg temperature-dependence @f
illustrates that the interfacial energy decreased ancreases (Fig. 6a and Fig. 6b). A
temperature-dependence of nucleation rate is dlsereed whel¢; is compared to |
(see Fig. A3 in the additional material). Becauseasity decreases with increasingH
content at fixed temperature, and since changetisgolved HO strongly affect melt
viscosity, the interfacial energy scales with vt

Measured nucleation rateld &nd calculated viscositieg)(support the assertion that
nucleation rate increases as melt viscosity ine®dadditional material, Fig. A3). A
theoretical basis for this trend may not be obvjaisce nucleation rate is inversely
related to melt viscosity in Eq. (2). However, thain control on nucleation rate in Eq.
(2) is the cubed interfacial energy term, whichnigurn controlled by dissolved water
content. Hence, the kinetic limitation imposed hgreasing viscosity exerts a weaker
control in leucite nucleation than surface tensathough both are intrinsically linked to
water content.

A complex interplay between nucleation and growmtbdpces the observed natural
and experimental textures. The viscosity increasmmpanying melt devolatilization
inhibits diffusion of crystal-forming components)dathis may enhance nucleation over
the growth of pre-existing crystals. This hypotkessi supported by the correlation of
leucite volume fraction andy (Fig. 5b), and lack of correlation between voluinaetion
and mean size. These trends suggest leucite li@etian occurs through vigorous
nucleation (followed by growth) rather than by thgrowth of sparse crystals. Note that

in Figure 6, individual experiments are reasonabil modeled by the calculated
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P, (MPa)

isotherms, indicatingnternal consistency of the dataset and demonsgrthe viability of
our application of the classical theory of nuclea:

While the relationship between pressure and nuoleatate is clearover the
examined P rang¢he samés not obvious for temperaturadditional materialFig. A2).
Indeed, viscosity in these melts is much more erfeed by 20 than by T in the studie
range(also see Fig. A. The limited dataset suggests thatiations in nucleation raas

a function of Byo arelarger tha those caused by variations in T.
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100 = 1004 o
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Figure 7: Interpretative diagrams of crystallization kimstifor (a) EU1 and (b) EU2 leucites. Three ma
pressuredependent regimes are representgrowth, nucleation+growth and nucleationdominated
domains. Symbolare generic and do not represent specific expets

4.5.2. Mechanism®f leucite formatio

In contrast to thelear relationshi between leucite number density and pressthe
correlation betweelteucite sizeand pressurés less obvious. Size appears e mostly
affected by pressure at values 00100 MPa close to the phase stability lit (i.e.,

growth rates on Fig.)3In contrast, temperature does not affect leucie siithin a large
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P-T domain, but produces changes in leucite shaeaarangement, particularly at
T<825°C in EUl and T<850°C in EU2, below which ies become increasingly
clustered.

Based on the textural observations, and the oglsliips between nucleation and
growth rates with varying P and T, we derive a nhddeleucite growth mechanisms in
EU1 and EU2 phonolitic melts (Fig. 7). In the viggnof the leucite stability curve,
growth rates are much higher than at lower pressihig. 3). Growth-dominant behavior
is expected at low degrees of supersaturation wingckeation rates are low and nutrient
transport to a few nuclei is rapid (Kirkpatrick 198This tendency is also observed in the
experiments of Hammer and Rutherford (2002): plelgge phenocrysts grow
immediately upon decompression, while nucleatiome# crystals (destined to become
microlites) occurs at higher undercoolings. Near #tability curve, the experimental
leucites possess sharp, faceted interfaces (F)garie their habit is typically euhedral.
Further away from the stability limit, nucleatioste increases and growth continues at a
relatively high rate, producing crystallization miimerous euhedral leucites which grow
to an average size of ~19 and|i8 for EU2 and EU1 respectively. Within the “growth”
and “nucleation+growth” domains, diffusion of netis is uninhibited by melt viscosity
and growth may be interface-limited. Indeed, fateatg/stal morphologies suggest that
growth rate is limited by attachment of atoms andl Iy transport of nutrients in the
melt. With increasing distance from the leucitesinve, the “nucleation+growth” regime
is replaced by the “nucleation dominated” domairwimch crystals form as aggregates
(Fig. 2f) or massive intergrowths very similar kmmse observed in the SSD experiments.

Here, diffusion of nutrients to the melt-crystalarface is most likely a limiting process,
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and the system responds to thermodynamic disequilibby vigorous nucleation. The
trend is similar for EU2 compositions, except ttehperatures defining the regimes are
shifted upward (Fig. 7), bringing the regime ofstkred crystals near the leucite-in curve

at low T and high P.

4.5.3. Comparisons with plagioclase crystallization kiogti

Interesting comparisons can be made between bizatian kinetics of leucites and
plagioclase in magmas of various compositions. fline-averaged leucite growth rates
constrained from the present experiments vary bstv@x1 mm s' and ~10 mm s,
In comparison, growth rates calculated from CSDs diagioclase phenocrysts vary
between 18 mm s and 10" mm s! (Armienti et al., 2007; Cashman, 19&Bashman
and Blundy, 2000), and between‘18nd 10*° mm s' for microlites (Cashman, 1988).
Thus, leucites have growth rates that are 1 todersrof magnitude faster than those
calculated for plagioclase. Hammer and Rutherf@@02), Couch et al. (2003), and
Larsen (2005) have nevertheless demonstrated tihvatigrates are extremely variable as
a function of experimental duration, decreasingipi®usly as runtime increases, which
is consistent with crystallization kinetics beindpvger as the system approaches
thermodynamic equilibrium. Because growth rateddacites from this study have been
obtained at presumably low degrees of effectiveeurmbling, comparisons must be
made with plagioclase under similar conditions.ngsasymptotes of the time-variation
of plagioclase growth rate obtained from Hammer Ratherford (2002) for dacites, and
Larsen (2005) for rhyodacites, at low undercool{figi=34—35°C), growth rates are

2x10° mm s' and 3x10 mm s' respectively. Differences between plagioclase and
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leucites could be, to a first order, attributedigcosity differences; indeed, at similar P—
T conditions, phonolites have significantly lowesaosities than dacites (see Fig. A3 in
additional material) and rapid diffusion may alléev faster growth in phonoliteEven
so, plagioclase growth rates estimated using C30® fow viscosity basaltic melts
(Armienti et al., 2007) are of the same magnitugdhmse obtained experimentally by
Hammer and Rutherford (2002) in dacites after eidfitly long runtimes. Altogether,
this suggests that leucites in phonolitic meltsagfaster than plagioclase in other melts
for reasons that cannot be attributed solely toosgy.

Leucite nucleation rates of 0.0007 to 0.34 thst" from the experiments
encompass those measured by Cashman and Blundy0)(2f® plagioclase
microphenocrysts, but are much higher than estondte plagioclase phenocrysts,
estimated to be 5-21xfommi®s* in a Mt St Helens dacite (Cashman, 1988). On the
other hand, leucite nucleation rates are much Idhan the 2 to 10,000 mifrs* range
observed for plagioclase microlites by Larsen (30858d at the lower end of the 0.01-4
mm® st interval found by Hammer and Rutherford (2002).

In terms of crystallization dynamics, low nucleaticdates for leucite or
plagioclase microphenocrysts (0.007-0.34 thel) suggest nucleation triggered by
changes iMT that are slow enough for the system to responithéathermodynamic
disturbances. In contrast, the much higher plaggelmicrolite nucleation rates (2-
10,000 mn? s) support a nucleation-dominant regime during ragiéinges in P-T
conditions, in which diffusion of crystal-formingmponents in the melt is rate-limiting
(for additional details regarding leucite and ptediase nucleation behavior, see also Fig.

A4 and related text in the additional material).
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4.5.4. Leucite size-invariance

In the above paragraphs, it appears that the obddewucite crystallization generally
conforms to classical theory of nucleation and dhovAt high and low undercoolings,
nucleation and growth of leucites behave simil&olplagioclase, albeit at different rates
(Hammer and Rutherford, 2002; Couch et al., 20@3)intermediate undercoolings,
however, leucite in phonolitic melts behaves in arencomplex fashion. While
nucleation rates continuously increase with indrepeffective undercooling, growth
rates appear to decrease rapidly away from thaligtaburve and remain constant
throughout a large P and T domain (Fig. 3). In thisnain, leucites seem to reach a
consistent size-distribution even as volume frarctiaries significantly. Interestingly, the
size attained within these conditions is largergatl than for EU2 (~2fm and ~1Qum
respectively). This raises two questions: why wlazrystals stop growing after reaching
a certain size? And why would these sizes be diffiein the two phonolites?

One possibility is that growth rate decreases gstals coarsen. The final size
distribution may be achieved by fast growth ratdwrtly after the system is
thermodynamically perturbed. As chemical and thelynamic equilibrium is
approached, growth rate declines precipitouslyassidieen observed for plagioclase and
other phases forming in response to decompressiamiher and Rutherford, 2002;
Couch et al., 2003), thus preserving the sizeilligion that was set by the initial growth
rate. A time-series of experiments is neededgbwether this is a viable explanation.

Ostwald ripening may also be important in achievihgs textural invariance.
Polydisperse mixtures in chemical equilibrium witielt are not at their lowest energy

state due to non-zero interfacial energy expendexdtyatal surfaces (Voorhees, 1992).
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Full textural and thermodynamic equilibrium canyobé achieved through a reduction in
interfacial energy. During Ostwald ripening, theatocrystal-melt interfacial energy is
reduced through diffusion of crystalline nutriefram zones of high interfacial curvature
to zones of low interfacial curvature. Accordinggmall crystals are lost to feed larger
ones until the system reaches a “textural steaatg’stAlthough not entirely conclusive,
leucite distribution curves for both natural angesmental samples (Fig. 5a) indicate
this type of coarsening. However, the rate at whiese processes occur is uncertain.
While Park and Hanson (1999) showed that Ostwagldning can initiate substantial
textural modifications, experiments on olivine-begrbasalts and plagioclase-bearing
andesites by Cabane et al. (2005) revealed thaptbcess is only significant for one of
the studied crystal phases (olivine) in one of shedied compositions (basalt). Much
more work is needed to substantiate the influerfcepening processes on modifying
crystal populations in volcanic rocks.

Finally, the shift in size distributions observeetween EU1 and EU2 might result
from small chemical variations in,R, NaO, Al,Os;, and SiQ between the two magmas
(Table 1). In this scenario, leucites reach wf8in EU2 after 5 days compared to 25
in EUL. It is nonetheless hard to demonstrate hogh small variations in chemistry

could induce large differences in the formatiortiyfstalline phases in magmas.

5. Conclusions

In the 79 AD magmas, leucite microphenocrysts dit anystallize during rapid
magma ascent at average rates typical of Pliniaptiens. Rather, they are likely to have

grown over timescales of days at lower, more slowiposed effective undercoolings.
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The study of leucite crystallization yielded notlyra minimum timing for magma
residence at depth, but also provided two posssblnarios yielding strong clues to
magma storage and pre-eruptive dynamics occurmmgruvolcanoes such as Vesuvius.
In the first scenario, if the white magma was waturated, magma was stored for at
least a few days at depths of ~4 km before beingted. Alternatively, if the magma was
undersaturated, leucites may have captured a spwedsurization event at greater depth
prior to entering the conduit. Furthermore, at Emitemperatures, EU1 and EU2
displayed different crystallization behaviors, gielg a remarkable example of how
minor chemical divergences may have a measuralfdetedn crystallization kinetics.
Although leucite crystallization is well describég the classical nucleation theory, a
small complication not described by classical foiatian was observed: a characteristic
textural state appears to be attained over a réhge P-T domain, with invariant sizes
but variable population number densities. Finalig leucite growth and nucleation rates
derived from these experiments may be used inuhad as proxies to assess magma

residence times or rise times in the event of @voptinvolving slower ascent.
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Appendix Al: Experimental conditions and eucite textures in SSC

experiments

SSD EUZ2

SSD EUI

50um  1-850°C  I=7days

100 um  1=825°C  i=7days
Pi=150 MPa Pf=25 MPa

Pi=150 MPa  Pf=25 MPa

o

Figure Al: (a) SSD experiment in EU1l produced an entire donod leucites (brighter areas), whi
nucleated in extreme numbers and progvely branched together after 7 days at 25 MPa ahd&(2
SSD experiment shows a large skeletal leucite @tust which individual crystals are not discerral{g’)
and (b’) are close-ups of)(and (b sketched to ease visualization. Note the leddbranches” typical of a
nucleation dominated crystallization regime. Lc=i¢e, Kfs=K-feldspar, GlI=Glass, Vesicles/pore spe
in black in the SEM images, and in white in a’ dru
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Table Al: Single step decompression experimental conditimmsresults

Sample name i (MPa) °Pf(MPa) T (°C) “%@Pf(min) °IDR (MPa s Lc habit
79ADEU1-3a 150 25 800 5 0.4167
79ADEU1-3b 150 25 800 15 0.1389
79ADEU1-3c 15C 25 80C 3C 0.069:
79ADEU1-3d 15C 25 80C 6C 0.034%
79ADEU1-3¢ 15C 2& 80C 72C 0.002¢ Skeletd/clusteret
79ADEU1-3f 15C 2E 80C 144 0.001« Skeletal/clustere
79ADEU1-3¢g 150 25 800 2880 0.0007 Skel./dendritic
79ADEU1-3h 15C 25 80C 576( 0.000¢ massivi
79ADEU1-3i 150 25 800 10080 0.0002 massive
79ADEU1-6a 150 25 825 5 0.4167
79ADEU1-6b 150 25 825 15 0.1389
79ADEU1-6¢C 150 25 825 30 0.0694 Skeletal/clustered
79ADEU1-6d 150 25 825 60 0.0347 Skeletal/clustered
79ADEU1-6¢€ 15C 2E 82t 72C 0.002¢ Skeletal/clustere
79ADEU1-6f 15C 25 82t 144cC 0.001+ Skel./dendriti
79ADEU1-6g 150 25 825 2880 0.0007 Skel./massive
79ADEU1-6h 15C 25 82t 576( 0.000¢ massivi
79ADEU1-6i 150 25 825 10080 0.0002 massive
79ADEU1-22a 150 25 850 5 0.4167
79ADEU1-22b 150 25 850 15 0.1389
79ADEU1-22c 150 25 850 30 0.0694
79ADEU1-22d 150 25 850 60 0.0347
79ADEU1-22¢ 15C 25 85C 72C 0.002¢
79ADEU1-22f 15C 25 85(C 144(C 0.001¢ skel/dendriti
79ADEU1-22g 150 25 850 2880 0.0007 skel/dendritic
79ADEU1-22F 15C 25 85C 576( 0.000¢ skel/massiv
79ADEU1-22i 150 25 850 10080 0.0002 skel/massive
79V2a 150 25 850 5 0.4167
79V2b 150 25 850 15 0.1389
79V2c 150 25 850 30 0.0694
79vad 150 25 850 60 0.0347
79V2¢ 15C 25 85C 72C 0.002¢
79Vv2f 15C 25 85C 144C 0.001+«
79V2g 150 25 850 2880 0.0007 Skeletal/clustered
79Vv2r 15C 2E 85( 576( 0.000¢ Skeletal/clustere
79V2i 150 25 850 10080 0.0002 Skeletal/massive

Pi - Initial pressure

®pf . Ending pressure

“t@Pf: Holding time at ending pressure.

DR - Integrated Decompression Rate, obtained tigliig the total pressure drop by the hold timéretl pressure
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Appendix A2: Experimental conditions for MSD, and dfect of
temperature on nucleation rate:

I {mmr-sT)

0.4 4 oEUI
. aEL2
0.3 Figure A2: | versus T plot illustrating the lack
obvious control of temperature over nuclea
rates.
0.2 { .
. -
0.1 © .
L]
L ]
0 T * 1 T
775 800 825 850 87%
THC

Table A2: Details of multipl-step decompression experimental conditiorislnRial pressure, ¢ Ending
pressure, IDR: Integrated Decompression Rag: Effective undercooling, and t/step: Holding tirfoe
each pressure step.

Sample name  Typseriee B (MPa) R(MPa) T (°C) ~Tx(°C) t/step IDR (Mpas!) Lc

79ADEU1-21a MSD 150 125 825 0 20s/5MP 0.25 no
79ADEU1-21b MSD 150 100 825 50 20s/5MPi 0.25 no
79ADEU1-21c MSD 150 75 825 65 20s/5MP 0.25 no
79ADEU1-21d MSD 150 50 825 75 20s/5MP 0.25 no
79ADEU1-21e MSD 150 25 825 75-100 20s/5MP: 0.25 no
79ADEU1-19a MSD 150 125 850 - 20s/5MPi 0.25 no
79ADEU1-4b MSD 150 100 850 20 20s/5MPi 0.25 no
79ADEU1-4c MSD 150 75 850 40 20s/5MP 0.25 no
79ADEU1-4d MSD 150 50 850 60 20s/5MP 0.25 no
79ADEU1-19e MSD 150 25 850 75 20s/5MPi 0.25 no
79ADEU1-2a MSD 150 125 850 - 20s/5MP 0.25 no
79ADEU1-2b MSD 150 100 850 20 20s/5MP 0.25 no
79ADEU1-2c MSD 150 75 850 40 20s/5MP 0.25 no
79ADEU1-2d MSD 150 50 850 60 20s/5MPi 0.25 no
79ADEU1-2e MSD 150 25 850 75 20s/5MPi 0.25 no
79ADEU1-2f MSD 150 10 850 85?  20s/5MPi 0.25 no
79ADEU2-10a MSD 150 125 825 nd 20s/5MP 0.25 no
79ADEU2-10b MSD 150 100 825 nd 20s/5MPi 0.25 no
79ADEU2-10c MSD 150 75 825 nd 20s/5MPi 0.25 no
79ADEU2-10d MSD 150 50 825 nd 20s/5MP 0.25 no
79ADEU2-10e MSD 150 25 825 nd 20s/5MP 0.25 no
79ADEU2-3a MSD 150 125 850 nd 20s/5MPi 0.25 no
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Sample name  Type-series | (MPa) R (MPa) T (°C) ~Tx(°C) t/step IDR (Mpai%) Lc
79ADEU2-3b MSD 150 100 850 nd 20s/5MPa 0.25
79ADEU2-3c MSD 150 75 850 nd 20s/5MPa 0.25
79ADEU2-3d MSD 150 50 850 nd 20s/5MPa 0.25
79ADEU2-3e MSD 150 25 850 nd 20s/5MPa 0.25
79ADEU2-18a MSD 150 175 815 nd 20s/5MPa 0.25
79ADEU2-14a MSD 200 150 815 nd 20s/5MPa 0.25
79ADEU2-18c MSD 200 125 815 nd 20s/5MPa 0.25
79ADEU2-14f MSD 200 100 815 nd 20s/5MPa 0.25
79ADEU2-18d MSD 200 75 815 nd 20s/5MPa 0.25
79ADEU2-14c MSD 200 50 815 nd 20s/5MPa 0.25
79ADEU2-14e MSD 200 25 815 nd 20s/5MPa 0.25
79ADEU2-15f MSD 200 175 850 nd 20s/5MPa 0.25
79ADEU2-15a MSD 200 150 850 nd 20s/5MPa 0.25
79ADEU2-17a MSD 200 125 850 nd 20s/5MPa 0.25
79ADEU2-15b MSD 200 100 850 nd 20s/5MPa 0.25
79ADEU2-15g MSD 200 75 850 nd 20s/5MPa 0.25
79ADEUZ-15¢ MSD 20C 5C 850 nd 20s/5MP; 0.2¢ no
79ADEUZ-15¢ MSD 20C 28 85( nd 20s/5MP; 0.2¢ no
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Appendix A3: Nucleation kinetics
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Figure A3: (a) Te ando’ covariations (b) Merged plots of nucleation réfided and empty circles) versi
P20 and viscosity (dotted gray curves) versispo. Isotherm curves show calculated values for
temperatures using Eg. (3). Also reported are gisga@sokomsfor the PT space for (c) Vesuvius whi
phonolites (drk dotted lines calculated using Sh(1972) gray dotted lines obtained using Romano €
(2003) in both cases using the solubility model of Lar(2008) and (d) for Pinatubo dacites (Hess :
Dingwell, 1996). No distinction was made between Eutl EU2 because the available viscosity ma
are unable to account for such small variationsoimposition

Appendix A4: Comparisons between leucites and plagioclase behax

Leucite nucleation res are much lower than the 2 to 10000 * s* range
observed for plagioclase microlites by Larsen (30@&d at the lower end of the 0-4
mm? s interval found by Hammer and Rutherford (2002)etastingly enough, whil
leucite nucleation rates aabout one order of magnitude lower than those nedson
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plagioclase microlites, their behavior is fairlymsiar in terms of the effectiv
undercooling at which the two phases reach theximmam rates of nucleatic. Figure
A4 shows nucleation rates ncalized to the measured maximurl,om=1/lmay tO
facilitate comparisons without resorting to lodamic scaling. Comparison with
Pinatubo plagioclasdata (Hammer and Rutherford, 2002) illustrate that shape c
nucleation rates curves is similiTemperaturg800, 825, 850 and 8 °C) affects the

undercooling at whichucleation rate peaks (Fig. 7). Otherwide trends are very mu

the same.
Pinatubo dacite Vesuvius phonolite Vesuvius phonolite
{Hammer 2004) EU1 (this study) EUZ (this study)
g80@
' <
£
840y 825~
0 C.a’ T T T T & T
0 50 100 150 200 250

T "(C)

aff

Figure A4: Comparisons between nucleation rates in Vesyviumolites and Pinatubo dacites (Hami
and Rutlerford, 2002). EU1 and EU2 experiments are k and empty circles respectivi and curves
corresponding to 4 different isotherms (800, 82%),8nd 875°C) obtained using the CNT formulat
(Eqg. 3) are drawn. Pinatubo data are reportegray diamonds and the bd#tas a lightgray field (from
Hammer, 2004). Because plagioclase in Pinatubdegabiashighernucleation ratethan those calculated
for Vesuvius leucites, rates have been normalipetthé maximumCurve shaps between Vesuvius EUL
leucites andPinatubo plagioclasare similarand temperature changes only produce shifts alomg-axis.
In most cases, leucite nucleation rates might réfaeir peak earlier than those plagioclase, but this may
be merely a function of temperatt
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CHAPTER 3. TEXTURAL STUDIES OF VESICLES IN VOLCANIC
ROCKS: AN INTEGRATED METHODOLOGY

Published in its present form as Shea, T., HoughBR., Gurioli, L., Cashman, K.V.,
Hammer, J.E., Hobden, B.V. (2010), Journal of Vietitagy and Geothermal Research,

190, 271-289. doi: 10.1016/j.jvolgeores.2009.12.003
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Abstract

Vesicles in volcanic rocks are frozen records @jadsing processes in magmas. For
this reason, their sizes, spatial arrangements,batsnand shapes can be linked to
physical processes that drive magma ascent andi@ruplthough numerous techniques
have been derived to describe vesicle textureseti®e no standard approach for
collecting, analyzing, and interpreting vesiculamples. In this chapter, | describe a
methodology for techniques that encompass theeenta acquisition process, from
sample collection to quantitative analysis of viesgize and number. Carefully chosen
samples from the lower, modal and higher densigybegarity endmembers are
characterized using image nesting strategies. Ww sthat the texture of even
microvesicular samples can be fully described usesy than 20 images acquired at
several magnifications to cover efficiently the ramf existing vesicle sizes. A new
program (FOAMS) was designed to perform the quaatifin stage, from measurement
of vesicles to distribution plots. Altogether, tlaigproach allows substantial reduction of
image acquisition and processing time, while presgrenough user control to ensure
the validity of obtained results. We present tlgameo investigations — on basaltic lava
flows, scoria deposits and pumice layers — to shmatthis methodology can be used to
guantify a wide range of vesicle textures, whichsgrve information on a wide range of

eruptive conditions.
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1. Introduction

Volcanologists use the textures of volcanic roaksidentify processes occurring
before, during and immediately after eruption ofgma (e.g., Sparks, 1978; Houghton
and Wilson, 1989; Cashman and Mangan, 1994). \&ssicl pyroclasts and lava flows
document processes of gas exsolution, expansi@hgescape that drive most volcanic
eruptions. Gas exsolution is controlled by magma&od®ression and consequent
changes in volatile saturation conditions (e.g.afaet al., 1998). The relative rates of
bubble nucleation and growth control primary vesitdxtures. Nucleation and growth
rates are determined by both intensive magma piiepde.g. initial volatile content and
melt viscosity) and extensive properties (e.g., magascent rate, fragmentation and
guenching). These primary textures may be furthedified by bubble deformation,
coalescence, expansion, or gas escape (e.g. Spai&, Cashman and Mangan, 1994,
Klug and Cashman, 1994; Toramaru, 1995; Simakialet1999; Klug et al., 2002;
Polacci et al., 2003; Gurioli et al., 2005b; Allet9Q05; Piochi et al., 2005; Sable et al.,
2006; Adams et al., 2006; Noguchi et al., 2006; tktdsrenzo and Pappalardo, 2006;
Lautze and Houghton 2007; Cigolini et al., 2008uatification and interpretation of
vesicles have been important research topics ircanology. However, diverse
methodologies have been used to describe vesiktarés. As a result, comparisons
between different studies have been hindered Wgrdiices in approaches to sampling
and textural quantification. Here we present an iefficand accurate strategy for
acquiring textural information from vesicular saegl We describe field sampling
protocols, sample processing methods, and imag&siiogn and rectification techniques

that employ a new Matlab-based program named “FOA&st Object Acquisition and
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Measurement System). FOAMS allows calculation oapeeters that describe the spatial
arrangement, as well as the size and number oflesesin volcanic samples. Key input
parameters are evaluated and tested on three eemr(idbkapuu lava flow, Hawaii;

scoria from Villarrica, Chile; and pumice from Vesus, Italy), where the methodology
is applied to textural characterization of sampyemerated by very diverse eruption

styles.

2. Background

The following sections summarize the different @aghes to characterizing textures

in volcanic rocks and the ways in which they armpownly represented graphically.

2.1. The 3D approach: X-ray microtomography

In recent years, X-ray microtomography (XRCMT) leen increasingly applied to
texture characterization in volcanic rocks. Thishtaque allows the imaging of tens to
hundreds of slices through a rock sample in aivelgtshort time interval. The obtained
2D slices are then merged to create a 3D reprdgentaf the sample. While Ketcham
and Carlson (2001) and Ketcham (2005) introduces rtlany uses of XRCMT in
geology, Proussevitch et al. (1998) were the ficstapply XRCMT to vesicles in
Hawaiian basalts. Only recently has the technigeenbwidely applied, as Song et al.
(2001) examined basaltic scoria and Polacci é28D6, 2009) studied scoria and pumice
samples from Stromboli, Villarrica and the Campanignimbrite. Polacci et al. (2008,

2009) also provided an example of how connectiagymeasured by tomography can be
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used to infer outgassing during ascent of Stromabofhagmas. Okumura et al. (2006,
2008) exploited the ability of XRCMT to successfjutheasure vesicles that may be
significantly deformed by shearing, and derivedwpeability values for rhyolitic magmas
under various stress conditions. Currently, XRCMPpossibly the only viable technique
to study sheared and deformed samples adequaselgcially in terms of measuring key
parameters such as permeability (e.g., Wright.e2806). Unfortunately, the technique
is still not able to resolve very thin glass wallesent in pumice (Song et al., 2001; Bai
et al., 2008), and typically, the smallest measurigjgcts are within the range of 10-70
pm (Gualda and Rivers, 2006; Proussevitch et @078, Degrutyer et al., 2010), which
is acceptable for basaltic lavas and some scongles but not for pumice. Thin glass
walls can be lost during imaging, and unconnectgdats merged. This in turn increases
apparent permeability and vesicle interconnecti\(iBong et al., 2001), and causes
discrepancies in vesicle number densitieg, (m°): for instance, Polacci et al. (2006)
found N, in the range of T0-10* mm?®, about an order of magnitude smaller than values
that were measured in these samples by 2D imagidganversion to 3D (Polacci et al.,
2003). In addition, reconstruction of broken or smg glass walls is much more
challenging in 3D and requires automated wall reegtion routines (e.g. Shin et al.,
2005) with the assumptions they entail that camfietr the same amount of user control
than in the context of 2D. Thus, while XRCMT tedjues are improving and are able to
resolve smaller and smaller objects, there is stilheed for other robust textural
characterization methods that are applicable teathple types, from vesicle-poor lava

flows to pumice and reticulite.
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2.2. The 2D approach: Stereology

Studying textures in thin sections creates 2D dh#&d ignore how particles are
configured in the third dimension. Because sectibnsugh polydisperse objects are not
likely to be cut routinely through their largesear(cut-effect), and since smaller objects
have a lower probability of being intersected tlemger ones (intersection probability),
raw data from 2D images have inherent flaws. Theumption that cross-sections
through particles can be used to quantify size diattibution is all the more erroneous
when particles are elongate. To correct for thessblpms, statistical techniques to
convert 2D areas into equivalent volumes were fdated early on and applied to
particulate materials (e.g. Saltikov, 1967; Undeyd;01970). More recently, substantial
progress has been made towards building models d&cabunt for intersection
probabilities, cut-effects and variations in sh&pg. Sahagian and Proussevitch, 1998;
Higgins, 2000; Mock and Jerram, 2005; Morgan amchdg 2006).

In the methodology presented herein, the conversi@thod of Sahagian and
Proussevitch (1998) is used to generate correasitle size and number distributions.
Their technique consists of calculating the nundesrsity of objects in given size classes
(1 to i) per unit volume (N in mm?®) by successive iterations of the number density of
larger objects (M, Nv2, Nys, ...Nyi) assuming spherical geometry. The main advantages
of this approach are that it is fast and does eguire extensive computation. Geometric
binning is employed instead of linear binning sinicés more appropriate for particle
sizes that are distributed over several orders ajmtude. Geometric bins allow for a
much better representation of the smaller size ladipas, which tend not to be resolved

by linear bins (Proussevitch et al., 2007a).
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A major issue with this method is that it does actount for elongate shapes, since
cross-section probabilities for elongate objectsncé be expressed analytically. On the
other hand, assuming a given aspect ratio for kssienplies that some process has
caused them to deform uniformly (i.e. deformatisnconstant throughout the sample).
This is the major reason why this methodology céartmeoeasily applied to rocks whose
vesicles are intensely sheared (e.g. fibrous arl&ulpumice). For the study of pyroclasts
that suffered little to no shearing or did not pree shearing textures, the spherical
assumption often holds true since bubble relaxatierently favors equal distribution
of stresses at the bubble-melt interface (Rust. e2@03). In pumice, vesicles frequently
show no preferential direction of elongation or raque aspect ratio applicable to the
entire population and, though spheres may pooiinel¢hese vesicles, a set of ellipsoids

with defined aspect ratios may be less accurate.

2.3. Texture representation

Because each type of distribution plot possesseswh advantages and caveats,
they are all displayed and compared whenever pesstour types of distribution plots,
along with visual (i.e. texture imaging), quaniitat (i.e. computation of vesicularity,
total vesicle number density, and modal/mean sang), to a lesser extent, shape data,

form the end-products of the methodology preseiméelis contribution.

Vesicle size and number analysis: during magmatter, bubbles in magma
nucleate and grow as volatiles are exsolved. Tihal fnumber density and size

distribution of bubble populations in a volcanickecerupted at the surface depends not
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only on the available volatile concentrations, alsb on the ability of this volatile phase
to diffuse through the melt, as well as the timailable for expansion (i.e., time spent by
magma in the conduit and/or at the surface) (ToramE995; Lyakhovsky et al., 1996;
Proussevitch and Sahagian, 1996). Hence, invesiigaesicle sizes and numbers can
prove invaluable to characterizing storage, asaadteruption conditions (e.g. Klug and
Cashman, 1994). Vesicle number densities per voldiméor per melt volume Nor
when corrected for vesicularity and pre-vesiculatorystals) are typically higher in
explosive eruptions than in effusive eruptions @roaru, 1990; Cashman and Mangan,
1994; Toramaru, 1995; Mangan and Cashman, 199@ic€iokt al., 2001; Sable et al.,
2006). The tendency of\Nto increase with eruption intensity has been erpentally
and numerically linked to the dependence f &h decompression rate, and on other
properties such as diffusivity, viscosity and soefdension (Mangan and Sisson, 2000;
Mourtada-Bonnefoi and Laporte, 2002, 2004; Lenskyale 2004; Toramaru, 2006,
Namiki and Manga, 2006; Cluzel et al., 2008) . Herid, is expected to scale with SIO
content (e.g., Sable et al., 2006) and physicaptem parameters such as magma
discharge rate or column height (e.g., Guriolilet2008). As a consequence, obtaining
accurate measurements of both vesicle size and ewmbcrucial if valid physical
comparisons are to be made between different emnsoti

Because vesicles vary significantly both in sized annumber, textural data are
always displayed as distributions. The four mosuneent plots in the size distribution
literature are used either to display vesicle vaumformation (vesicle volume
distributions VVD and cumulative volume distributed CVVD), or number of vesicles

per class size information (vesicle size distribut/SD and cumulative size distributions
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CVSD). Fig. 1 displays examples of the four catexmras well as examples of the
processes that may contribute to generating or fiyiadithem.

VVDs are generally used to infer the nature ofleatton and/or coalescence
events during the vesiculation history of pyrodadtig. 1a) (e.g. Klug and Cashman,
1994). Typically, each mode is interpreted to ilate a distinct pulse of nucleation and
growth (Klug et al., 2002; Polacci et al., 2003utze and Houghton, 2007); coalescence
tends to skew the data positively or even produdesinct larger mode (Gurioli et al.,
2008; Adams et al., 2006), ripening produces a thegaskewness (Mangan and
Cashman, 1996), and bubble collapse dramaticadlyaes total vesicle volume fraction
and modal size (Burgisser and Gardner, 2005; Sslak, 2006).

CVVD plots are complementary to VVD as they provelesential knowledge
about the contribution of each size range to tha&l teesicularity (Fig. 1b). A unimodal
distribution produces a sigmoid-shaped curve, plgltmodes add bulges to the curve,
coalescence tends to reduce the slope of the yopeons of the sigmoid, ripening shifts
the curve to the right and accentuates the lowdrgooof the curve, while collapse likely
results in a curve shifted towards smaller sizesgh wessened contribution of large
vesicles (Klug et al., 2002, Adams et al., 2006 nhytain et al., 2008). Apart from basic
statistics such as modes, means and standardidesiato true quantitative data can be
extracted directly from VVD or CVVD plots.

VSDs (or In(n) vs. L plots, with L equivalent diateein mm) are used commonly
to infer kinematics of nucleation density and giowate of crystals or bubbles (e.g.
Marsh, 1988, 1998). According to Mangan and Cash(&96), linear distributions

denote steady-state nucleation and growth whilai@amard inflexion towards smaller
70



sizes reflects ripening processes and a downwdéexkion towards larger objects may be
caused by coalescence (Fig. 1c). In turn, bubbllapgse may produce a curve that
plunges rapidly in the larger size classes. Hygdathky, if the data within a VSD plot

follows a linear trend, growth rates (G, mit) san be determined from the slope of the

curve and initial number densityn{, mmi°) calculated from the intercept at L=0,

providing that some constraint exists on the tiroales for nucleation and growtlr .
From the latter parameters, it is then possiblebtain nucleation rates (J, iins?). If no

time constraint exists, only the total vesicle nemldensity (N, in Mangan and
Cashman, 1996; writteiN,, herein to describe better its origin) and domirdiatmeter
L, can be derived from the slope (see Appendix B forief summary of formulations).

CVSDs (or log(N>L) vs. log(L) plots) make use of population numbkensity,
and consider the number of objects per cubic mrh didmeter greater than L. Gaonac’h
et al. (1996, 2005) and Blower et al. (2001, 208@yeloped the idea that power-law
distributions could better accommodate certain dymd vesicle size distributions
produced by continuous/accelerating nucleation @aa generating curves on VSD
plots). Possible curve trends associated with uarjgrocesses are illustrated in Fig. 1d,
and important formulations are reported in Appertlix

Vesicle shape analysis has two major functionst,fit may provide information
about the sphericity of objects (which in turn ssvo validate or refute the assumption
used for stereological conversion) and the geometrihe bubble-melt interface (i.e.,
whether vesicle walls form a simple sphere/ellidsor whether their interfaces are

complex).

71



‘(esde||09 pue ‘Buiuadi ‘92uU82s3[R0D ‘YIMOEDYDIIER3[ONU SNONUNUO0I ‘SIUBAS YIMmolb pue uoiper) a|dijjnw ‘SJUSAS UOIB3[ONU M3 10 3|BuIS) Yylim

pareloosse aq Aew Aayi 1eyl sassaosold pue ‘sjoid (AN Jo)ullisuap Jaquinu pue (J1azis ybnaeapsualoeleyd [einixal Aeidsip o1 skem snouep T ainbi4

(ww) (7)6o (ww) (7)Bo (ww) (1)Bo (ww) (7)Bo (ww) (7)6oj (Ww) (7)Boy
Jenusuodx3, _
saseyd nm
yiwmoub pue =
uoneajonu AN
: \
JME|-IaMOd, JEpOLUILN,
ymoiB pue oL aseyd -
Jlenuauodxg Uaespny YimolB pue \Wf
0] MB|-1BMOJ, Buneiajaooe uone3PNU =
asde|oD Buiuadiy J0UR0SIE0D JSnonuiuoY albuig -
[P
(Ww) 7 (ww) 7 (wiw) 7 (ww) 7 (L) 7 (ww) 7
2
2
ymolB pue yimolb pue Yol pue \M,
uoea@nu uonEsaNU ucnespnu 3
Buijeia|@a0oy 10 sabe)s j0 abels —
asde|0D Buadiy B0UBIEB|ROD SNONUIUOTY aldnnpy albus
5]
(ww) (7)o (Wi} (7)Bo {ww) (7)Bo (wiw) (7)6of (wiwi) (7)o (Ww) (7)60
@
c
3
c
yimolB pue ymaib pue ymob pue m..
uoies|anu uojeapnu ucnespNu | @
Bunelajaooy Jo sabe)s joabels | <
asde|on Buiuadry 30U3983|B07 /SNONUIUOD admnK a|Buig -
[q]
{wiw) (7)6o {ww) (7)Boy {ww) (7)o (w) (7)o (ww) (7)6o (ww) (7)6o
L | | w = =] =) =
| [ e e
<
yimnoiB pue ymeih pue ymolB pue
uoeapnu uonesonu ucneapnu
Bunesajaooy o sabels J0 abels
asde|jon Buiuadiy 30U8288|E0D /SNONUIUOD adiyn albuig
e]

72



Several factors control whether bubbles will bespreed as spheres within a given
sample, related to the timescale available forxedlan (e.g. Namiki and Manga, 2006).
Providing bubbles have insufficient time to relaxdaminimize their surface energy,
simple or pure shear may cause vesicles to be aledgHon et al., 1994, Rust et al.,
2003), and coalescence may produce complex potgobhapes (Klug et al., 2002;
Polacci et al., 2003). Bubble collapse (Adams gt2006; Mongrain et al., 2008) and
significant groundmass crystallization (Klug andsfaan, 1994; Sable et al., 2006)
result in increasing interface complexity. Hencéulty characterize vesicle shape within
volcanic rocks, two main parameters are needed:raauntiness” parameter that
determines whether the vesicle has a shape closer tircle or an ellipse, and a

“complexity” parameter that measures the tortuosityesicle outline (Appendix C).

3. Methods

The leitmotiv behind proposing a standardized malagy lies in improving the
possibilities of comparing datasets from variouspéve settings. To ensure that the
textural data that is being used to infer erupgiv@cesses is robust, sampling and sample
processing need to be approached rigorously. THewing paragraphs contain
suggestions for field sampling, vesicularity/depsdetermination, sample imaging
(strategies of image acquisition and rectificatjioa3 well as brief description of the

stereological conversion technique utilized herein.
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3.1. Field sampling

Two types of samples are generally collected fromn field in physical volcanology:
pyroclasts such as pumice, scoria, volcanic bomgigulite, or Pele’s hairs and tears,
and more competent rocks from welded falls or pwsicc density current deposits
(PDC), lava flows, dykes and domes emplaced efélygiv

Sampling of pyroclasts (fall, PDC, or ballistics) tiypically conducted at well
constrained proximal sites, once the physical amehucal characteristics pertaining to
the eruptive layer and their spatial variations ehdeen thoroughly investigated. For
impulsive discrete explosions (Vulcanian and Stroliam explosions) clasts are
collected from the deposits of single explosiong.(kautze and Houghton, 2007; Gurioli
et al., 2008). For pumice and small scoria fromermolonged Hawaiian through Plinian
explosions, over 100 juvenile clasts of diametet326mm are collected over a narrow
portion of the stratigraphic unit (Houghton and @i, 1989; Gurioli et al., 2005b).
Where the juvenile clasts within a deposit are uallg diverse the sample size is
increased to more than 200 clasts to adequategeare the endmember textures
(Polacci et al., 2003). Such a large number oftglagthin the eruptive unit ensures that
both the low and high end of the vesicularity ramage adequately sampled (Houghton
and Wilson, 1989). In the case of a fall depogitpically a stratigraphic range of 1-3
clast diameters in thickness is selected to mirentie eruption interval that is sampled.
Larger pyroclasts such as bombs are sampled indilhdto look for significant textural
variations from core to rim, thus several thin ged are made from different internal

domains within each bomb (e.g. Wright et al., 2007)
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When more competent eruptive units such as lawasflte.g. Cashman et ¢
1994), welded pyroclac deposits (e.g. Carey et al.,, 2008), dykes/sillsl@ames art
sampled, several portions are usually broken frornooed through the unit in order
capture textural variations. In the case of competecks, it is recommended to te
samples as largess20 cm in diameter, small enough to be scannedvéi larger scale
Polacci and Papale (1997) illustrated that textqredntification can be achieved witt

metersized outcrops using reconstructive photograplikerfield

Uncemented

Competent

1 tephra sample

(~100 clasts} Numbered from large to small
d 12 3 4 5 6
@ &, ARGO
7 o8 9 0 1112 NG 40

10 - e

e e ofoeCe @z g 4

P 0 1
S / Dry weight plgem?
b ——- .j‘h ) + Density
Weight in H,O measurements

1 rock sample Few subsamples

Figure 2: lllustrative catoon of sampling procedure and density measuren

3.2. Density¥esicularity measuremel, thin sections

Prior to performing density measurements, colleseuples are cleaned and drie:
T>100°C for 24 h. For pumice or scoria samplegjlesat of clastis usually ranked by
decreasing size and numbered fro-100 (Fig. 2). For other specimens, especially [

ones, the rock is cut into halves, one half beiagtKor scanner imaging and the ot
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serving for density measurements and microscopeging. Within the half kept for
density, several subsamples corresponding to didextural units are carefully removed
(Fig. 2). If the sample is homogeneous, no furthdrdivision is required, provided that
its size is large enough for weighing in the labana

The density measurement methods described herdeanreed from Houghton and

Wilson (1989). Clasts or sample subsets are weighedt (massaw, in g), and either

individually wrapped in polyethylene film (of weteight ), Or made impermeable
using water-proofing spray. They are then weighbdenmmersed within waterd,qx

). Specific gravity, and thereby density is expeglsas:

pBULK -

[
o (Ea. 1)
Whg ~ (%ATER_ %ATER)

For buoyant patrticles, e.g., pumice, the clastsf@eed down using a ballast of known
wet weight and volume.
Finally, the dense rock equivalent (DRE) densityhef magma is used to obtain

porosity (p) or vesicularity ¢x100):

_ Pore ~ Pruik (Eq. 2)
Pore

This technique is rapid and yields large arraydaif. Other alternatives include

measuring density/porosity directly using a He-myoeter, yielding both connected and
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isolated vesicle fractions (Rust and Cashman, 2082 pumice and scoria sample data
sets, density is plotted on a histogram to choaodg a few clasts that represent the
different endmembers from the entire distributiéing( 2). In this manner, 3 to 8 clasts
are typically chosen to represent low (1 to 2 slgashodal (1 to 4 clasts) and high (1 to 2
clasts) vesicularities. For larger samples fronaldews, domes, bombs and tephra clasts
showing substantial internal variability, densiggicularity measurements are done on
the sub-samples prepared for each textural zone clibsen clasts/subsamples are made
into thin sections with, in the case of pumice eticulite, impregnation with resin to

avoid breakage of thin glass walls.

3.3. Image acquisition

The largest vesicle populations can be imaged adelyuby a scanner, either using a
thin section or the sectioned sample itself. Fan gections, scanners possessing slide
illumination functions allow better resolution. lger magnifications (i.e. higher than
25x) are best mapped through Scanning Electrondgeopy (SEM), in back-scattered
electron imaging (BSEI) mode, using chemical catrdbetween phases. Before thin
sections are carbon coated, it is practical toiraithnd highlight phenocrysts present on
the scanned image, since their proportions areatefa number density corrections. In
cases where the sample is very phenocryst-rich séctions can be scanned between two
polarized foils, cut perpendicular to each othdrisTtechnique allows the operator to
observe crystals in distinctive colors, as in aticap microscope (Pioli et al., 2007). The
SEM working distance must be set higher for lowagmfications (e.g. 45-50 mm for

25x on a JEOL-5900 SEM) and lower for higher magaiions (e.g. 15-20 mm for
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>75x), and contrast/brightness adjusted to obtanbiest representation of bubbles and
different crystals present in the matrix. This liéaies image processing into inputs for
the FOAMS program. Details on additional SEM imagitechniques (e.g. X-ray

mapping) can be found in Blundy and Cashman (2008).

3.4. Choice of magnifications

Vesicles in volcanic rocks are typically polydisper with sizes that range from
microns to centimeters; a single clast may coniasicles varying in size by 4-5 orders
of magnitude (Klug et al., 2002). Characterizinig lange of vesicle sizes requires image
acquisition over a similar range of scale (e.g.ri@uet al., 2005b; Adams et al., 2006;
Sable et al., 2006; Lautze and Houghton, 2007).ufate size data (either 2D or 3D)
requires a statistically significant number of wéss$ to be measured within each size
range; this, in turn, requires definition of bolie range of magnification needed to cover
the range of vesicle sizes, and the minimum nurobenages per magnification required
to sample each size range adequately.

The magnification range is determined by identifythe smallest and largest vesicles
within the sample. For the lowest magnification, wse an area that is 1-2 orders of
magnitude larger than the largest vesicle. Whencless are< 5mm, a thin section
suffices; when vesicles exceed this size, it mapdimessary to scan either a rock slab or
multiple thin sections. Similarly, the highest mdigation has to record the smallest
vesicles at a resolution that is sufficient to esent individual vesicles. Fig. 3a shows the
minimum number of pixels (in area or equivalentnader) required to represent an

object and the uncertainties associated with axgl pmaging error. For instance, in a 10-
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pixel diameter object (~80 pixels in area), misesgntation of 1 pixel will cause a 1.3%
error in the measurement. Alternatively, one imgettfy imaged pixel in an object
measuring 5 pixels in diameter (~ 20 pixels in anedl result in a 5% error. Fig. 3b
illustrates the errors associated with the chofcamiaimum equivalent diameter (in um)
for a range of magnifications. The plot is used fabows: through preliminary
observation (SEM or petrographic microscope), dmese of the minimum vesicle size
within samples is made. In Fig. 3b, if aufin-large equivalent diameter was adequately
represented by 7 pixels in area (3 pixels equivalameter) a maximum magnification
of around 300x could be used. The uncertainty dssutwith one misrepresented pixel
is however very high (~14%), resulting in largeoesrin the size distribution. A better
alternative is to have a minimum area of eithep8@Is (10 pixel equivalent diameter) to
ensure ~1% error or 20 pixels if the researcheeftsca larger 5% error, and choose the
corresponding maximum magnification at 500x. Theppse of this choice is to ensure
that the smallest vesicles are imaged adequatelg wiinimizing the number of images
to process. Very high magnifications will result better resolutions but require many
images to enclose the same number of the smabsstles. As we argue in the following
section, a minimum of 10 of the smallest vesiclesds to be measured at the highest
magnification (excluding edge vesicles) to defite tsize threshold and maximum
magnification used. Intermediate magnifications uticbe chosen so that substantial

vesicle size overlap occurs between each set ofifrzagions.
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Figure 3. Resolution and magnification within imaging tetues. (a) Influence of minimum diamet
The dashed grayueve illustrates the errcz (right y-axis) associated with misrepresentation of 1 piix
area within a vesicle. (b) Minimum vesicle diametegasurable for various magnifications. If vesicds
small as 1 micron in diameter are present withie #amge and need to be imaged, maxim
magnifications of 500x are sufficient assuming sohetion of 5 pixels minimum per vesicle (arrow
dashed line).

3.5. Imaging strateg

As the area encompassed by a single image scaleséhy with its magnificatior
the nunber of images needed to capture heterogeneitiesases with decreasing feat
size. To determine the sensitivity of the vesi¢#e glata to the sampling strategy us
we compare data from: a-image grid strategy (one thin section, 24 imagesazh of
three magnifications), a -image grid strategy (one thin section, 8 imagesaath of
three magnifications), and a-image nest strategy (one thin section, increasurgher
of images at each of three magnificatiorFig. 4). The grid strategy isimilar to point
counting and ensures that areas are sampled ictespef the operator decisi-making

process. However, this strategy is t-consuming and may result in sampling ar
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containingfew or no small objects. Less ti-consuming approachenclude imaging 8

frames instead of 24 at each magnificatior-image nest strategFig. 4b) or increasing

the number of images with magnificaticl5image nest strategy, F 4c). These user-

defined methods have the advantage of saving tinteplace te burden of assessing

textural heterogeneiton the operator, thus introducing potential for opat-induced

bias. We introduce the term Imi Magnification Ratio (IMR) to designate the numbégé

images acquired within each subsequent nest. gridltechniques, IMR=1:1, whereas

the nested strategy, IMR>1The choice of IMR values does not need to remanstzmt

throughout the series of nests; it should promoté minimization of number of imag

to 20 or less as well as preservation of enourface area to adequately represent ¢

vesicle size range.

2] 73 image Grid Nest IMR
5x 1:1
25x 1:1
0187 " I
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Figure 4. The three tested imagil
strategies; (a) a 73 image grid nest, with
image randomly chosen within the previc
magnification, (b) a 25 image grid nest
similar configuration, ar (c) an example of
exponential nesting, where ec
magnification possesses twice as m
images than the previous one and chc
nests are not randomly located within e
magnification. IMR: Image Magnificatio
Ratio.



To test the relative accuracythe three strategies, we compare the measured mt
density of vesiclesNa, mm?) in a pumice sample with a wide vesicle size ratige
required four different magnificatio. Largest vesicles were around 5 mm, thus
lowest magnification was chosat 5% (entire thin section). Smallest vesicles me=t
about 5um, hence the largest magnification needed was dra2i(x (Fig. 3).
Intermediate magnifications we 25x and 100xto allow sufficient size overlap betw
images. Fig. 5shows that the -image and 2%mage grid techniques produce fai

smooth decreases in number der with increasing vesicle size.

1000 - . )
] Figure 5: Number of objects per me
] area fo different size classes measu
100 within pumice samples from Taupo 1
] each of the three imaging strateg
o 1 Note the good overall correspondel
£ 10'5 between the obtained curves wh
£ ] allows reducing the number of imag
= 1_: required to adequately represent
] sanple overall
{1 ——72-image grid
014 ——25-image grid
+—15-image nest
0.01 T T
0.001 0.01 0.1 1

L (mm)

Number density data from t 15image nest are somewhat noisier but still al
adequate characterization of size distributi From ths simple comparison betwe
imaging strategies, we calculate that for -image nest to adequately represent the ¢
vesicle population (i.e. for the -image and the 7BRnage strategies to ha
indistinguishable N vs. L curves aL<0.05 mm), a minimunof 10 vesicles per image

the largest magnification must be counted (herevé&ficles minimum for 8 images
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250x). The actual number of images used in anynghasting strategy depends on the
vesicle size range and the sample heterogeneitpotli very small and very large
vesicles are present and the sample displays suilastdextural variations, then
additional series of images are usually capturednv€rsely, when samples are

homogeneous and characterized by a narrow size réager image nests are needed.

3.6. Image rectification

To reduce the amount of time spent performing tloeseections, a detailed methodology
that provides step-by-step guidelines on how tadsedize and accelerate image
rectification using readily  available software is ache available

(http://www2.hawaii.edu/~tshga Several factors are responsible for making image

rectification time-consuming: first, vesicle walfs pumice or scoria clasts are often thin
and may not be entirely resolved by the imagingrumsent. Moreover, such walls can be
destroyed as thin sections are made, and may erd fyagments within vesicles (Fig.
6a). Thus, broken walls need to be reconnectedaos® fragments have to be deleted
from the vesicle area. Secondly, cross-sectionshiénee a 3D-like texture when viewed
through the SEM (Fig. 6b) also require correctidrestly, and most importantly, imaged
features (glass, vesicles, and crystals) never tralyehomogeneous grayscale levels but
show a spectrum of shades. Since FOAMS identiflgsats based on their grayscale
level, all counted features of a given type havédwe uniform grayscale values (Fig.
6¢). The amount of time spent preparing images délpend on the quality of the thin
section, the fragility of the sample, the qualifytlee images (i.e. instrument), and on the

number of magnifications needed to cover all vessize ranges.
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c. Grayscale variations

il L, e\

Figure 6: Common issues with SEM images obtained from #ctions (top), and grayscale ims
reailting from repairing and processing each imaget@na). (a) Vesuvius 79AD EU2 sample showin
significant amount of broken glass walls as well eedremely thin ones. (b) 3D effect caused
intersecting small objects within a somewhat thselction, ad broken glass and crystal fillings witr
some vesicles. (c) lllustration of problems of heteeneous grayscale variations within raw SEM ins:
(top histogram), and conversion to homogenous gedgs levels after image processing (bot
histogram). Foguidelines o avoid grayscale conversion issues, see manwalliime additional materic

3.7. Stereological conversion and binn

Although the reader idirectedto Sahagian and Proussevitch (1998) for com
details concerning this procedure, the eological formulationsused here are
summarized in Appendix A. Their method consof deriving N;;, the number density «
objects of size i per unit volur from Naj, the number density per urarea via an
expression ofthe probability of intersecting heres of given sizesthrough their

maximum crossectional are:P. To obtain N; from Na (Appendix A), Underwoor

(1970) introduced a useful parameter called thennpeajected heightH,, mm), which

represents thenean distance between parallel planes tangentitlet@mbject boundan
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For spherical particles, this equates to the chamatic diameter of each size clags (

mm). The diameter is thus used to corfégtvalues for intersection probabilities on the

basis of the stereological assumptibl) :% (Underwood, 1970), and then corrected

for the cut-effect (see Appendix A) to calculateafinumber densitiesN, , mmni®), and
the volumes of equivalent spheréﬁ,(mrr?). N,, andV, are used subsequently to

determine volume fraction for each clas4 §:
Vi =NV, (Eq. 3)

Volume fractions derived from the sum of convenligg values are generally less
reliable than those one may obtain through diresasurements of vesicularity since the
former relies on the assumption of perfect sphgricir each vesicle. To correct for this,
Vf. is normalized to the measured bulk vesicularityhef clast.

Depending on whether bubble growth occurred poeduring, or after formation of
crystal phases in the melt, a number density cboreenay be needed (“melt-referenced
Nyv"). A second correction is needed to allow for tr@dume taken up by the vesicles
themselves (e.g. Klug et al. 2002). To obt&lp corrected for vesicularityNycor),
number density is divided by (@ Both crystal and vesicularity corrections are
particularly useful if one aims to investigate #tual number of bubbles that nucleated

within the melt (Proussevitch et al., 2007a).
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3.8. Magnification cutoffs

Overlapping size bins for adjacent magnificationsuzes that all vesicle sizes are
adequately represented. We Iillustrate a method efgimg data from different
magnification images using an example of pumicenfiéesuvius (79AD eruption, white
magma, EU2 unit; Gurioli et al., 2005b). Pumicestdacontain vesicles of sizes varying
between 0.001 and about 4 mm. Four magnificatioeschosen to cover this extensive
size range, thus fouNp vs. L curves must be merged to generate the final size
distribution (Fig. 7a). However, the transitionrfranagnification 2 to 3 is slightly user-
biased because most small vesicles were discarded the second magnification. We
have tested three different methods for mergingehdata. First, we applied arbitrary
cutoffs at each new order of magnitude (“Magnitydaps”, Fig. 7b). The resulting size
distribution is very irregular, with several apparenodes and sharp jumps between size
bins. Second, we imposed a transition that minichiglope differences in the curves
(“Minimized slope” in Fig. 7b), an approach thatoguced a smoother obtained
distribution and fewer apparent modes than the &ipproach. Finally, we defined the
shift to minimize the change iNa values at the shift from one curve to another
(“Minimized ANA” in Fig. 7b). This generates smooth size distidng with 2 modes
and no sharp bin transitions (Fig. 7b and c). Téisple example illustrates the
importance of using care when merging data acrassynimage magnifications. The
comparison between calculatéd, data shows that values are rather insensitive to
merging practices so as long as the smallest (ao&t numerous) vesicle population is

well represented.
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Figure 7: lllustration of the influence of how magnificaticutoffs are chosen within a Vesuvius 79.
pumice. (a) A plot ofN, vs. equivalent diametel for each magnification (4) results in decreasirNa
with increasingL for each decreasing magnification. A certain amounbwdrlap is required for tr
FOAMS program (or the operator) to choose the INy coverage per size range. (b) Vesicle volt
distribution histograms resulting from several nifigation cutoff trials; tle first cutoff technique teste
consisted in arbitrarily choosing boundaries ateordf magnitude size changes, the second tech
involved minimizing slope differences between N, curves of two overlapping magnifications (result
cutoffs reporteds round symbols), and the third method minimiN, changes (resulting cutoffs report
as dotted lines and arrows). (c) The best resulthis pumice clast was obtained using Na-minimizing
method. Notice that there are still some irregtiksiinthe resulting curve.

4. FOAMS: Program structure and mode of operation
4.1. Overview

FOAMS is a Matla"-based prograntesigned to facilitate the measurement

stereological conversion of objects within a sebié to twenty images. All the details
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the program’s structure are available on the virtp{/www?2.hawaii.edu/~tshéa/and a

simple programming flow-chart is given in the agtitl material. FOAMS uses
Matlab™'s image processing toolbox functions and explsitsple user interfaces (GUI)
operated using buttons. The function bwlabel allayrsuping of objects of similar
grayscale level if they are each surrounded byhemoghade of gray, and the function
regionprops is used to measure object dimensiorea (A, equivalent diameter L,
perimeter p) and find the best-fit ellipse to acgqudther important features (long and
short axis, orientation). Edge-bordering vesicleskay definition not surrounded by any
medium and are thus discarded from the subsequ&asurements. Stereological
conversion is applied to number density per ureaai,) measurements and results are

plotted on a second GUI.

4.2. Modus Operandi

A detailed manual is provided with the program, amdy a succinct outline is
presented here. Once FOAMS is launched, a first @bil”) appears (Fig. 8). The user
loads anywhere from 1 to 20 grayscale or binarygesa(number 1 in Fig. 8) all
displayed in miniature windows (number 2 in Fig. 8) allow better visualization, any

image can be shown on a larger “active” window (ban8, Fig. 8).
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Figure 8. FOAMS “Init” (top) and “Result’(bottom) user interfaces and graphical cont
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Image scales (in pixels per mm) are inserted reegath sub-window, and the minimum
diameter (in pixels) that defines the smallest medse objects is defined by the user
(number 4 in Fig. 8). The entered value definesstiallest geometric bin (in diameter
units), and each subsequent bin is generated by@es1d-* multiplication. Because
vesicularities derived through stereological cosimr may be substantially offset from
the density-derived one, the known vesicularity atso be entered (number 5, Fig. 8).
Prior to starting measurements, objects that nedzbtdiscarded from the analysis (e.g.
phenocrysts) can be excluded from the image areasifer 6, Fig. 8) by size or
grayscale-value. The quick image treatment tooinfper 7, Fig. 8) simply converts all
images loaded into FOAMS into grayscale or binamgges; however, this is useful only
when analyzed objects are homogeneous or whentmalyclearly distinct phases are
present (e.g., crystal-free rock).

When all parameters and images are loaded, a s&€&0hd“results”) appears (Fig.
8). A spreadsheet containiig vs.L data (“NA_mag”) for each magnification is created
and can be used to define better cutoffs. EitheAMS computes the magnification
cutoffs automatically, or the user enters their ofmumber 8). After stereological
conversion, results are plotted within the GUI amalv spreadsheets incorporating all

measurements, as well as some simple 2D shap&tis@tare created.

4.3. Plots and outputs

FOAMS generates a variety of plots and output fifed include:
(1) Na/Ny vs. L plots (Fig. 8, numbers 9 and 10): Raw nund@ssity plots are not useful

per se for anything more than verification. SineeNa vs.L plot was constructed
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from portions of each magnification (e.g. Fig.thgre is a risk that the transition
from one to the next is not smooth and ideal. Phag allows the user to be critical
about how well each size range will be represerged,whether or not some

anomalies might be expected in distributions dugbiapt step-like transitions.

(2) Vesicle size distributions are plotted in termswolume fraction (VVD, Fig. 8,
number 11 and CVVD, Fig. 8, number 12), and nundbemsities (VSD, Fig. 8,
number 13 and CVSD, Fig. 8, number 14). Becausenifiegtion cutoff transitions
may not be completely smooth, some unexpected sjpileg/ appear within VVDs. In
order to minimize the amount of such noise witthe distribution, the number of

bins is typically halved.

(3) Data files: All parameters measured and calculagdg FOAMS are produced as

spreadsheets (Ex&ebr Text format) for the user’s convenience.
(4) Vesicle shape panel (Fig. 8, number 16): In FOABEYeral shape factors have been
implemented including roundness parameters sucsect ratioAR:%, as well as

a new complexity parameter termed “regularitg’:ib), where a and b are best-
TR

fit ellipse semi-long and semi-short axes respegtivand A is the vesicle area (see

Appendix C for more details).
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5. Application to natural volcanic rocks

Three volcanic units have been selected to provisheparative examples of products
of very different volcanic eruptions and to illegts how variations within the application
of the suggested methodology can affect resultexute measurements. These three
eruptions differ strongly in their volcanic explasy indices (VEI) and show large
contrasts in vesicle number, size, and distributiBather than reiterating existing
interpretations for these deposits, we focus on kbanges in chosen magnifications,
magnification cutoffs, and minimum measured bubBliameter can all modify the
outcome of the textural characterization procedNietheless, for context, we provide

a brief summary of their volcanological settingngl as previous vesicularity studies.

5.1. Case studies, density measurements

Samples of lava flow units collected near Makapoinpin Oahu, Hawaii (USA)
supply an example of vesicle textures in mostlygassed basaltic lavas (VEI=0). At
Makapuu, successions of ‘a’aglpehoe, and transitional lava-flow units were ezdpt
during the formation of the Koolau lava shield,-2.8 Ma ago (Doell and Dalrymple,
1973). We consider here a transitional unit dispigystrong variations in vesicle
number, size and arrangement on the scale of desmogk sample (~20 cm long)
(Gurioli, unpublished data). The lower section loé tsamples collected from this unit
possesses textural features typical @figehoe, with numerous round vesicles of fairly

similar sizes, whereas the upper portion resemiagies containing mostly irregular
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vesicles of varying sizes. This variation allowstaisnvestigate the influence of merging
measurements from across a heterogeneous sample.

The second study is a sample of scoria clastsateteafter a Strombolian eruption
(VEI=1-2) at Villarrica (Chile) in 2004 (Gurioli etl. 2008).

The third case study comprises a collection of dasnfrom the 79AD eruption of
Vesuvius from the first Plinian unit (EU2, Cioni etl., 1992) (VEI=6). These
microvesicular clasts are part of an extensivesgateovering part of the 79AD eruptive
stratigraphy (Gurioli et al., 2005b) and were clmoghie to their relatively simple
vesiculation history.

All three sample sets were processed using theeljues described previously to
derive density and vesicularity. Several piecesMatkapuu lava collected from ‘a’a,
pahoehoe and transitional units were sectioned imtaller subsamples, which were then
used for density measurements. Although full teadteharacterization is presented only
for a transitional lava, density measurementsd@ and ghoehoe are also shown in Fig.
9a for comparison. Over 100 clasts of Villarricarsg and Vesuvius white pumice were
used to obtain the density histograms shown in $igand c. The average Makapuu
transitional lava density is 1780 kg*mand modal densities for Villarrica and Vesuvius
are 900 kg i and 600 kg i respectively. Corresponding vesicularities are6Band
77% respectively. It is worth noting that densiigtbgrams can be broadly polymodal

(Makapuu and Villarrica) or strongly unimodal (Vegus).
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5.2. Contrasting maging strategies

We used different imaging strategies for the thsmample types that refle
differences in theesicle populations. The smallest vesicles in th&dpau lava are ~O0.
mm and could bstudiec at a magnification of 25x, while thargest vesicles of ~5m
required two scan magnifications (slab at 2.5x and thin ieactt 5x (Fig. 10a).
Measurementsfoesicularity, vesicle size, and number distribng were made using tl
bulk sample (top+bottom) as well ¢he upper and lowedomains individuall, to
address the issue of heterogeneity wia sample. Thus three magnificatior2.5x, 5x,
and 25x) wee sufficient to resolve all vesicle sizes; fi25% images within eaclt5x

image allowed sufficient coverage of each textdaahain.
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are about 0.01 mm in
size.
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In contrast, the smallest vesicles (~0.01 mm imeir) in the Villarrica scoria required
a maximum magnification of 100x (Fig. 10b). Thirctsens (magnification 5x) were
usually big enough to cover the largest encloseicles (15 mm). Three magnifications
(5%, 25x, and 100x) were sufficient to includevasicles; however, as a nesting strategy
we selected three 25x images within the thin sectind two 100x within each 25x
image (Fig. 10b). This choice was motivated by thet that vesicles in Villarrica
samples span three orders of magnitude (0.01-10 ameh)hence each magnification is
equally important to characterize the full textuwtamain. Finally, highly vesicular white
pumice from the 79AD eruption of Vesuvius includessicles as small as 0.001 mm,
while the largest individuals reached around 2-3,rtims the vesicle sizes covered a
total of four orders of magnitude. A magnificatioh500x is required to resolve objects
as small as 0.001 mm at an error of 5% for one epressented pixel (Fig. 2). Four
magnifications were consequently used to embodyeadicles (5%, 25%, 100x, and
500x), and nests consisted of two images withit eaagnification (i.e. IMR of 2:1 for

all magnifications; Fig. 10c).

5.3. Influence of magnification

To test the dependence of resulting size distiamstiand vesicle number densities on
the range of magnifications used, FOAMS runs werapmeted using contrasting levels
of nesting. For Makapuu samples, VVDs of the bottfpihoehoe”) section of the
subsample were calculated using two or three miaghtidns (2.5%, 5%, and = 25x).
Villarrica samples were run using a combinatioroné to three magnifications from 5x

to 100x%. Vesuvius EU2 pumice was tested using orieur magnifications (5% to 500x).
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than 5%.

To include as many vesicles per image as possildeset the minimum diameter tc

pixels. Results are shown Fig. 11. In Makapuu lavas, the distribution represerg:

2.5x and 5xmagnifications aloneFig. 11a) clearly lackshe population of sma

vesicles. For larger bubbles, the distributionm®oetrer when25x images are included.

The effect of increasing or decreasing the numidemagnifications also affects ti
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computedNy (~20 mm® instead of ~100 mi). In Villarrica samples (Fig. 11b), the
broad shape of the distribution is also presentiwithe first magnification (5x) but the
smaller bubbles are missing. This illustrates haldittonal magnifications (100x) may
leave volume distributions relatively unmodifiedhile strongly increasing number
densities (from 1100 to 3200 rin Vesuvius pumice vesicles present an even more
extreme case of how apparent number densitiesaserky orders of magnitude as more
small vesicles are added (Fig. 11c). Overall, fibrttree examples, measurement of
accurate number densities requires precise measntesh the smallest vesicles, while
accurate measurement of vesicle volume distribati@quires precise measurement of
the larger vesicles. This does not imply that exely high magnifications must always
be included: while vesicles are better resolved atea of each image is smaller and thus
the risk of capturing non representative portioha beterogeneous sample significantly

increases.

5.4. Influence of minimum diameter on size distributions

Equally important to the choice of nesting stratagg magnifications, the minimum
vesicle diameter, measured as number of pixelsngly shapes the outcome of texture
analysis. For each location, runs were made usmgnsmimum diameters from 1-20
pixels (equivalent to 1-315 pixels in area), cqrogsling to uncertainties of 100 to 0.5%
for one misrepresented pixel. The obtaitadss.L curves for all three samples (note: for
Makapuu, only the curve corresponding to the bottomt is reported) share a similar
concave downward form for vesicle sizes greaten #itzout 0.1, 0.01 and 0.001 mm for

Makapuu, Villarrica and Vesuvius, respectively (Fig).
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This type of hook-shaped, concave-down curve ietgul for processes that generate
log-normal distributions, where the number of otgescales inversely with size. The
trends become horizontal as the smallest vesigleseached. Below this size-range,
trends diverge from smooth to multiple relativeiwstoothed, irregular segments. This
change in behavior is a sign that a size threshald been reached under which
measurements become unreliable. The minimum diangetBus generally chosen above
this limit. For Makapuu, Villarrica and Vesuviusspectively, 15, 10 and 5 pixels allow
discarding noise data that could alter the res@ltgreliminary run through the program
using a minimum diameter of 1 pixel is thereforeefus to see the full spectrum of
measurements, from noise to meaningful data.

Makapuu VVDs (Fig. 13a) illustrate how merging ddt@m regions of
contrasting textures may alter the distributiorstBlbution in the bulk sample is bimodal
at 0.6 and 6 mm (Table 1), but the bottoihgehoe-like section shows only one 0.6 mm
mode whereas the toj‘a section has two (1.5 mm and 6 mm). Thus, intepoms
have to be made after delineation of the two tetdomains. On cumulative plots, the
lower sample is characterized by a fairly smoogmsiid curve that could be interpreted
as one or two nucleation events, while the upperpsa shows a clearer coalescence
signature (cf., Fig. 8b). Lnj vs. L plots show less direct evidence for this merging
process as both curves overlap significantly. Etlesugh the curves reported in the
log(Nv>L) vs. logl) plot are fairly similar, an exponential trendsfithe lower sample
better, whereas a power-law is more appropriatehf@rupper section and yields2.54
(Table 1). The choice of a 15 pixel minimum diametepears adequate when looking at

the consequences of lowering the boundary (noteentimimum diameter test was only
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appied to the bottom section). VVDs and CV's are unaffected at diameters below

pixels, whereas th€VSD curve stabilizes before th® pixel limit andincreases again at

smaller diameters.
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Figure 13 Vesicle size distributions in terms of volumectian (VVD), cumulative size distributior
(CVVD), size distributions in terms of number deps{VSD), and cumulative number density |s
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Table 1 Summary of main physical and textural parametetke three samples investigated

p @ Diameter Mag. Min. size Nvcorr Gr Nysit
n:noe('L/G’) g
(kgm3? (%P (pixelsf (pxmH?  (mmy (mm®)f mm"  (mm?3)’
Makapuu 1780 455 1 252 0.00397 27.03x10n=(2.23x10)e®®L 0.0049 8.93x1D
3 “ 0.01190 2.05xF0 n=(2.11x16)e%2%Y  0,0105 1.32x1D
5 “ 0.01984 0.98xP0 n=(3.85x18)e*28.  0,0255 0.82x1D
10 “ 0.03968  0.48xP0 n=(5.75x16)et*2%2- 00792 0.51x1D
15 “ 0.05952  0.31xP0 n=(1.90x18)e ™%  0.1301 0.29x1D
20 “ 0.07937  0.30xP0 n=(4.49x16)e**5% 00857 0.28x1D
Villarica 900 65.9 1 500 0.00200 21.19%10 n=(1.25x18)e™ "  0.0244 8.23x1D
3 “ 0.00600  4.32xT0  n=(6.36x16)e 7 0.0280 4.22x1D
5 “ 0.01000 3.20xf0 n=(2.05x16)e*®%L 00554 2.78x1D
10 “ 0.02000 2.69xf0 n=(2.05x16)et*"®- 00579 2.46x1D
15 “ 0.03000 2.27xf0  n=(1.94x10)et*8"t 00598 2.06x1D
20 “ 0.04000  1.93xF0 n=(1.98x10)et*7 00582 1.70x1D
Vesuvius 600 77 1 4150 0.00024  1.59%10 n=(3.87x18)et®™ L 0.0016 2.26x10
3 “ 0.00072  1.56xT0 n=(2.43x16)et*"S  0,0021 1.57x10
5 “ 0.00120  1.13x10 n=(1.88x18)e*8BL 00022 1.06x10
10 “ 0.00241  0.76x70 n=(1.57x18)e¥3L 00026 0.70x10
15 “ 0.00361  0.50xT0 n=(8.89x18)e(?®>®)  0.0035 0.48x10
20 “ 0.00482  0.37x10 n=(8.81x16)e®+%  0.0035 0.34x10
a. Density, as measured using Houghton and Wilsonq)198
b. Vesicularity, derived from density.
c. Minimum diameter used as input to define the sraaligeasurable vesicle.
d. Maximum magnification used for each case studylesogpixels per mm.
e. Minimum vesicle size analyzed as defined by (coluthoolumn e).
f.  Vesicle number densityN(or) per volume melt.
g. Exponential best fit equation as measured from W&iis; n, is initial number of nuclei and is diameter.
h. Least squares goodness of fit.
i.  Values of growth rated) times vesiculation timescal@) [derived from column h.
j.  Vesicle number densityN(s,) derived fronmn,

102



The Villarrica sample (Fig. 13b) shows a peculiMD/with one major mode at 0.04 mm
and a secondary, widely separated mode around 8Tenlatter mode results from the
two large vesicles visible on the scanned thinisedtFig. 10b) while the first mode is
generated by the bulk of the vesicle populations THimodality is clearly seen on the
cumulative plot as a step-like heterogeneity. GnWsD, within the size range defined
by the bulk of the distribution, the trend is cuhand shows an inflection around 3 mm.
The curve then becomes horizontal as no vesiceesmaasured from around 2.5 mm to 8
mm. A power-law fit shows &0.97, with exponerd= 3.25, higher than in most basaltic
pyroclasts (Blower et al., 2002; Sable et al., 20®08acci et al., 2008) and close to those
measured in Mt Mazama pumice (Klug et al., 2002nliké Makapuu, the chosen
minimum diameter becomes more of an issue for Mta since selecting values of 15
or 20 pixels diameter leads to discarding a norligiete portion of the VvD, CVVD
and log(N/)>log(L) distributions. Opting for 10 pixels in thcase is a better option and
preserves important fractions of the distribution.

The Vesuvius 79AD EU2 pumice (Fig. 13c) shows ayamooth but weakly
bimodal distribution with the major mode around4rm, and the minor second mode
at about 3 mm. This second mode is barely visibléhe CVVD plot where the curve is
sigmoidal but can be inferred from the slight asyatmn of the two sigmoid tails. The
trend on the Inf) vs.L plot is very smoothly curved with no apparent Bréduch like at
Villarrica, a power-law fit results in a’R-0.99 and yields an exponent of approximately
3.5, on the upper range of values found by Klugl e2002) in Mt Mazama pumice. Like
at Villarrica, Vesuvius pumice VVD, CVVD and CVSDsttibutions are truncated with

respect to the smaller vesicles if the minimum ditamis set too high. To account for the
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full range of sizes, this diameter needs to basatound 5 pixels. This choice involves a
higher uncertainty (~5% for 1 incorrect pixel) théwr larger diameter bubbles. As
discussed previously, nonetheless, it is the ordy wo account for the small vesicle
population at the selected maximum magnificatidrsssuggested earlier, the investigator
might consider this uncertainty to be unacceptalé may wish to capture additional

sets of images at higher magnifications to impn@g®lution.

5.5. Number densities

Two number density formulations have appeared tfivout this methodology; W
(or Nveorr), IS Obtained by counting vesicles within distirsize classes and summing
them, and Nk is the total number of vesicles derived from exguial fitting of the
VSD (Appendix B) (Table 1). On the latter plots,simgle exponential fit is rarely
possible and only a portion of the entire curveussially considered. The W values
reported in Table 1 were obtained by fitting onhe tsmaller size fraction for all
considered examples. The initial number densitywadlei iy used to compute W is
taken at the smallest measured size and not at Kegggr as well as My values were
calculated using various minimum diameters (1,,31G 15 and 20 pixels) for all three
deposits (Fig. 14, Table 1). A decrease in minindiameter in all three samples results
in drastic increases in vesicle number densityMakapuu subsamples, /N, decreases
from 3000 mn¥ to 30 mn? as minimum diameter increases from 1 to 20 pixasl
Villarrica number density decrease from 1%hfmi® to about 3x1dmm?®. On the higher
end of the number density spectrum,dN values measured in Vesuvius 79AD samples

decrease by about 4@nm®, from a maximum of 1.6xT0mm* (1 pixel minimum
104



diameter) to a minimum of 3.7x® mm? (20 pixels diameter). Fcmost tested minimum

diameters, Ng: values trac Nycorr Surprisingly well.Discrepancies begin to appear o

when very small minimum diameters are reached, sargdjest that substantial noise

included in the number density data. Thus, if thenimum diameter is chose

adequately, Mi: andNycor Should approximately coincide.
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6. Discussion: precautions and caveats

The vesicle texture characterization methodologsented here provides guidelines for
efficient sample processing, from field collectittndata representation. While applying
these methods minimizes time requirements whilepikge the number of analyzed
objects statistically significant, there are sev@m@blems that warrant further caution.
These problems include the inability to characeeeiongated vesicles, the operator bias
associated with the various choices needed toroltai data, the small number of large

vesicles typically present, and the difficulty @rtving statistics from the distributions.

6.1. The issue of elongated vesicles

Vesicles are often stretched either during trartseg. fluidal bombs), or sheared
during ascent close to the conduit margins (eng-kwibe or fibrous pumice, Klug et al.,
2002; Polacci et al., 2001, 2003). Unfortunatdhg turrent version of FOAMS does not
transform 2D data adequately for vesicles that haeen significantly deformed or
sheared. This implies that during sample collegtiasts with very elongated vesicles
must be avoided. While it may be argued that tlelection might bias the textural
characterization of the deposit as a whole, ingasitig vesicle size and number density
in very deformed samples is prone to larger uno#iés associated with textural
overprinting: number densities will hardly reflexdnduit ascent rates and vesicle sizes
will be affected by shearing-induced coalescencendtheless, we acknowledge that
implementation of textural quantification paramstér elongate objects is needed for

investigations that may focus on the variationtedaging in lava flows or laterally across
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the conduit through deformation of vesicles; fostamce, tube pumice samples cut
perpendicular to elongation can provide informatiefevant to permeability modeling.
Measuring size and shape parameters of deformedlesesvithin obsidian samples
exhibiting low vesicularities has also proven uséfudetermine strain rate (Rust et al.,
2003). Thus, as mentioned previously, the optiosdiect pre-defined shapes with their
corresponding intersection probabilities should #&eailable in future versions of
FOAMS. This is in part why measurements of shaparpaters are already implemented
into the program. Despite the problems associatéutive assumption of sphericity, the
size and number distributions obtained through FGAdrle shown to be reliable; indeed,
our case studies (Makapuu, Villarrica, and Vesyviuere chosen to represent complex
real cases and the derived size, number and shstputions, as well as resultingyN

values are very consistent with qualitative maaspgrobservations.

6.2. Larger vesicle populations

In subsamples taken from welded/competent volcami&s such as Makapuu lava
flows, it is fairly easy to sample a large enougkezeither by collecting large samples, or
by using reconstructive field photography (Polaaad Papale, 1997). In scoria clasts,
however, the analyzable area is typically limited & few square centimeters. The
difficulty of analyzing the larger size populatiorss particularly well illustrated in the
case of Villarrica scoria: in all plots, the traimm from the first to the second mode is
abrupt because the large bubbles (most likely geeerby coalescence and post-
fragmentation expansion, Gurioli et al., 2008) raoé present in the smaller magnification

images (Fig. 13b). This is an issue which cannadtifg be dealt with. To characterize
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these populations under robust statistical conatioa much larger sample would
probably be needed, of which at least 10 clastddvbe selected for each density mode.
Due to time constraints, however, this is hardeadtbieve. As a result, large vesicle
populations in scoria or pumice clasts are typycadipresented by a few individuals
rather than by a statistically significant popuwati(cf. large vesicles in Villarrica and

Vesuvius samples, Fig. 10b). Hence, particularlgize distribution plots, it is advisable

to determine and display sizes above which theilligion is represented by less than 5-

10 individuals per bin (Fig. 13).

6.3. Minimum detectable object and statistics

We showed that the choice of the minimum numbaegixéls necessary to adequately
represent a vesicle is crucial since it has a larfleence on measured estimates gf N
For small increases in minimum resolvable diametember density can drop by an
order of magnitude. This decrease was observed etostbonger with increasing
explosivity: each 5 pixel increase in the inpuesiold diameter resulted in about 5, 15,
and 30% decreases in . for Makapuu, Villarrica and Vesuvius samples resipely.
Thus, to obtain accurate measurements\@§Nit is crucial to select minimum diameters
that ensure that the measured vesicles are abovee"rlevel. Uncertainties within Wor
will then mostly depend on the accuracy of vesiciylaneasurements used to calculate
number density per melt volume. The errors assettiatith misrepresentation (addition
or omission) of 1 or several pixels during acquositand image rectification will

thereafter solely influence the precision at wrsaohall vesicle sizes are measured. On a
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VVD plot, such errors will not strongly modify trehape of the distribution particularly
towards smaller bins.

Another issue inherent to the acquisition of resthtough binning and stereological
conversion to 3D is that individual data are inabiy lost in the process. This means that
statistical analysis of the data will have to baeldirectly on distribution curves with no
real decision on how large the bins are and howynabjects they typically contain.
Even so, distribution fitting is still possible ngi geometric binning, as it appears that
most distributions fall within the logarithmic falyi(log-normal, weibull, logistic and
exponential, Proussevitch et al., 2007a). Becaese distributions are normal, we
recommend avoiding the use of the mean and usindesninstead. The actual “log-
normal” mean can still be obtained through the radrmean and standard deviation

derived from the geometrically binned distribution.

7. Conclusions

With increasing interest in the study of vesiclessolcanic rocks, there is a need for a
standardized methodology that captures and quesitifine parameters essential for
understanding the ascent and degassing of magmad®&yting a generalized procedure
for textural characterization, quantification armmparison of vesicle size distributions,
number densities and shapes among different engotbiecome possible, and operator
errors are minimized. We emphasize the need todindrtain balance between the total
number of images captured and processed, and tueirements. Different nested
imaging configurations are needed in the case tfrabsamples collected for different

eruption styles. In nested-imaging configuratiadhg, number of images required to fully
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characterize most samples falls typically below ZAhe textural characterization
algorithm FOAMS can measure and analyze objectsinvihese images in just seconds.
Current limitations arise from lacking elongate wersion factors, which may introduce
some bias in the situations where bubbles haveemetrshapes. On the other hand,
strengths of this methodology include the posgibf informed decision-making in all
steps of the textural investigation process, wkéeping time-consuming phases to a
minimum. Because the entire technique from thirtisedo the quantification stage is
based on multiscale imagery, it allows for virtyalhfinite vesicle resolutions, even at
micrometer scale, as long as a statistically viabtea is imaged. Future steps include
implementing stereological solutions for ellipsoidse into upcoming versions of
FOAMS, as well as achieving comparisons between MR@nd Stereology(FOAMS)-

derived distributions.
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Appendix A: Summary of stereological conversion ecations relevant to

FOAMS taken from Sahagian and Proussevitch (1998)

Nyv: and subsequent number densities can be expregsadgkeneralized equation of

form:

1 i—1 .
Ny =57 %| Na _ZPMH Ny ) (Eq. A.1)
RHi =1

Na is measured number density per unit area @nfor size ranges 1 to i , P the
probability of intersecting particles of the sanizesranges (1 t@), andH, the mean
projected height.

To avoid several stages of computations, SahagidnPaoussevitch (1998) rewrite Eq.
A.l) as:

1 i-1
Ny, :?x(aiNAi _ZamNA(i—j)J (Eq. A.2)
i =1

where conversion coefficients, =

i-2
(alpi _Zaj+lpi—jj (Eq. A.3)
=1

j=

SO0k

For spherical particles, the probability of intertseg objects through a specific size is

written:
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P(r,<r<r,) :%(\/RZ -} —\/R2 - rzzJ (Eq. A4)

R is the sphere radius, r is the cross sectiorusadind 1 and g are the lower and upper

limits of the particular size ranges considered.

Appendix B: Vesicle size distributions
B.1. Theoretical background behind VSDs

In theory, assuming that nucleation and growthsratee constant throughout the
vesiculation process, numerous physical parame@nsbe derived from segments of
VSD curves. These include nucleation rathsdrowth rates@), number of initial nuclei
(no), the total number of vesicles per unit volunéys{) and the characteristic bubble
diameter ).

These parameters are found using the steady-staserwvative exponential equation:

-L
n=n,exp — Eq. B.1
ouf 24) €
Then nucleation rates,(mm? s*) are simply:

J=n,G (Eq. B.2)

In theory, if the data are linear on annnys. L plot, the total number density of vesicles
per volume melt can be retrieved through the zenatiment of Eq. B.2 (Cashman and
Mangan, 1994):
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Ny = NeGT (Eq. B.3)

In turn, the first moment gives the dominant diaanet

Lg =GT (Eq. B.4)

The value ofN,,;, can be compared subsequently to e directly measured within the

sample to test whether the trend adequately repiedee actual data. If they are similar,

then the fit can be considered robust.

B.2. Theoretical background behind logfMNog(L) plots

Numerical models by Blower et al. (2002) demonstthat in logkl>L) vs. log() plots,

one to three nucleation events are able to genexgtenential curves (Fig. 8d), of form:

log(N, >L)Oe™t (Eqg. B.5)

Whereas numerous nucleation events or continuowseation and growth produce

power law linear trends:

log(N, >L)O L™ (Eq. B.6)

whered is the power-law exponent.
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This type of plot was used to differentiate betweaponential and power-law
distributions, and between single, multiple or emmus nucleation (Gaonac’h et al.,
1996; Gaonac’h et al., 2005; Blower et al., 200lower et al., 2002, Polacci et al.,
2008).

Power-law fitted distributions are usually only idafor a certain size range
(Blower et al., 2002), and are seemingly applicaislemost volcanic rocks as they
represent multiple or continuous nucleation eve@sonac’h et al. (1996, 2005)
predicted that a single value of exponeh2.5, close to the value anticipated for
Apollonian packing (Blower et al., 2001), could §pm most vesicular samples, from
lava flows to pumice. In the literature, howeveayyng d exponents have been found:
d=2.5 in Basaltic scoria from Izu Oshima subplinemption (Blower et al., 2002), 2.8
within Stromboli basaltic scoria (Bai et al., 20@placci et al., 2008; Note that their
form of Eq. B.6 expresses measurements as volusteaith of radius), 2.8 in Etnean
basaltic scoria (Simakin et al., 1999), 2.7-2.9PFilmian basaltic scoria (Sable et al.,
2006), 3.3 in rhyodacitic pumice (Klug et al., 2p02nd 3.9 in dacitic pumice (Adams et
al., 2006). Thus, on the whole, it seems this egpbincreases with increasing eruption
explosivity, an outcome forecasted by numerical e®@lower et al., 2001).

In contrast, exponential fitted distributions amgpked in log\y>L) vs. log()
plots when the trend is nearly horizontal towardsler class sizes and curves down
towards larger objects. These fits do not seenppdyao many situations, however, and
are thought to represent cases in which one or femynucleation events have occurred

(Blower et al., 2002; Bai et al., 2008). Coaleseetands to produce curves looking fairly
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similar to exponential trends, with the distinctinonetheless that a more horizontal tail
may exist towards large size classes (Polacci.et2@D8; Bai et al., 2008). In turn,
collapse textures may produce a curve which rapidigreases towards oMy, values

and quickly becomes near-horizontal as largess sire approached.

Appendix C: Shape parameters

More often, the problems of shape are addressed gphericity parameters and

much less often consider complexity or both. Palacd Papale (1997) and Rust et al.
(2003) have used what is typically referred to szeat ratioAR:E wherea is best-fit
a

ellipse semi-long axis arfalis semi-short axis. Circular objects possess @aspgos of 1
while extremely stretched objects tend towards ,zeawever, the inverse of AR is
sometimes used, where the larger the value, the ther object has an elongated form.

Manga et al. (1998), Polacci et al. (2001), Rustle{2003) and Mongrain et al. (2008)

used elongatiom:a—b, a fairly similar parameter for which values ofr€resent
at

circular objects and values of 1 extremely elondjatees. Aspect ratio and elongation are
equally adequate to characterize vesicle deformatia both are available as outputs in

FOAMS. Vesicle complexity has been dealt with usthg shape factorSF:%f‘,

where A is vesicle Area ang is perimeter (Orsi et al., 1992; Cashman and Manga
1994). In this case, a perfect circle has SF=1, mnde complex shapes will have SF
tending towards 0. Because the latter ratio als@saomewhat with object elongation, it

is however difficult to distinguish which of the &vgeometrical variations (i.e. elongation
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vs. complexity) is more influential. Thdore, we introdice the “regularity” parametas

the ratio of the area (A, ) to the area of the corresponding bféstllipse rg = ib :
a

la] Circuarequivelent  Area A b

Equivalent diameter L Perimeter P

. A O Regularity (A/mab) O
- A Elongation (a-b)/(a+b)

e 1
° E
' a o

Ellipse Area=mab

(]

‘ o

T C N =N

1 1 1 1 | 1 1 1 1
01 02 03 04 05 05 07 08 09 1
Dimensionless unit
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This formulation has th

advantage  of  accounting f
irregularities in vesicle outline whi
disregarding elongation. All measurt
dimensions are shown in Fig. (left).
To ensure the capability

elongation/aspect ratio and regulai
to fully characterize vesicle shape,
ran a series of tests involving shape:
decreasing circularity and incring
complexity using binary objects of 1
to 300 pixels. Elongation increas
along with object stretching, and,
expected, behaves more chaotic
when comparing shape complexit
(Fig. C1). Regularity stays constant
varying elongations and regrly

decreases with increasing complex



CHAPTER 4. LINKING EXPERIMENTAL AND NATURAL VESICLE
TEXTURES IN VESUVIUS 79AD WHITE PUMICE

Published in its present form as Shea, T., Guriblj, Larsen, J.F., Houghton, B.F.,
Hammer, J.E., Cashman, K.V., (2010), Journal ofc&oblogy and Geothermal

Research, in press. doi: 10.1016/j.jvolgeores.202.013
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Abstract

Vesicle populations in volcanic pumice provide atiph record of shallow
magma ascent and degassing. Here we compare puexteres from the well-
characterized 79AD Vesuvius eruption to those gdpedr during isothermal
decompression experiments. Three series of expetsnveere conducted using starting
material from the first two phases of the erupfjeruptive units EU1 and EU2). Samples
were decompressed from 100 or 150 MPa to final spres of 10-25 MPa using
conditions appropriate for simulating eruption citinds (T=850°C,dP/dT=0.25 MPa/s).
The experiments differed not only in starting mialebut also in temperature at which
samples were annealed prior to decompression, wdetérmined the initial number of
crystals present in the melt. Results show thaeewxents approach the vesicle number
densities and sizes of pumice samples, but shovowar size distributions. The wider
vesicle size range of pumice samples suggestsncants, rather than instantaneous
nucleation, which may reflect non-linear rates acampression. All experiments
exhibited equilibrium degassing, a process that prabably aided by heterogeneous
bubble nucleation on oxide microlites. We conclutiat delayed bubble nucleation
cannot explain the explosivity of the Vesuvius é¢iup which instead appears to require

high rates of magma decompression.

1. Introduction

Vesicles in volcanic rocks provide valuable infotioa on the processes occurring in

magma conduits and storage systems (e.g. CashmdnMamgan, 1994). Three
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complementary approaches provide constraints omcwation in magmas: textural
measurements, laboratory experiments, and physicalrical models. Textural
measurements of vesicle size, number and spasildition in natural samples are used
to infer the processes responsible for their foromate.g., Klug and Cashman, 1994;
Klug et al., 2002; Polacci et al., 2003; Gurioliadt, 2005b; Sable et al., 2006; Adams et
al., 2006, Lautze and Houghton, 2007; Polacci gt2407). Although natural tephra
samples are the best available “tracers” of veatmn in any eruption, they represent a
frozen textural state, which might have been aegugrior to, during, and after magmatic
fragmentation. Decompression experiments documestegses of bubble nucleation,
growth, coalescence, and collapse that may occringlimagma ascent, although the
small volumes of material used commonly preventirsgaof vesicle size, number and
porosity to natural systems. Models of bubble ratod® and growth link experiments to
conduit processes, and ultimately, shed light omdit@mns required to produce violent
explosive eruptions (Toramaru, 1989; 1995; 2006akhpvsky et al., 1996; Jaupart,
1996; Vergniolle, 1996; Lovejoy et al.,, 2004; Mangat al., 2004; Massol and
Koyaguchi, 2005; Yamada et al., 2005; GonnermamiNanga, 2007).

Of the three approaches described above, laboratqrgriments provide a critical
link between field observations and modeling thtouguantification of kinetic
parameters such as bubble nucleation and growdh, radlatile solubility, diffusivity, and
surface tension. Most experimental vesiculationlistihave examined rhyolitic magmas
(Hurwitz and Navon, 1994; Lyakhovsky et al., 198ngan and Sisson, 2000; Gardner
et al., 1999; 2000; Mourtada-Bonnefoi and Lapod899; 2002; 2004; Larsen and

Gardner, 2000; Martel and Schmidt, 2003; Larsemlgt2004; Lensky et al., 2004;
119



Burgisser and Gardner, 2005; Gardner, 2007; Cleizal., 2008) because they produce
the most violent eruptions, and their high visgogitecludes problems associated with
rapid microlite crystallization and bubble-melt dapling in laboratory capsules. Sparser
experimental data exist on lower viscosity meltshsas basalts (Bai et al., 2008), dacites
(Mangan et al., 2004; Suzuki et al., 2007) and phtes (Larsen and Gardner, 2004;
Larsen et al., 2004; lacono Marziano et al., 2Q@rsen, 2008; Mongrain et al., 2008).
Here, we examine the decompression and vesiculaifophonolites at conditions
relevant to the 79AD eruption of Vesuvius, and campexperimental textures to those
of pumice deposited during the opening and firghi&h phases of the eruption. Both
natural and experimental data are then comparechddels of bubble formation to
determine (1) limiting conditions of equilibrium,& exsolution, (2) the correspondence
between number densities, modal vesicle size, @rel distribution of pumice and
experimental samples, and (3) the influence of ofites on nucleation. We find that
79AD K-phonolites nucleate heterogeneously on nitey exsolve efficiently even at
low temperatures, and produce number densitiese dosthose measured in natural
samples. On the other hand, bubble size distributmmparisons between experimental
and natural samples suggest that natural ascenegses are probably more complex
than the simulations performed to date in the latmwy environment. We suggest that the
most viable way to mimic natural bubble size popates through experiments is to
apply non-linear decompression pathways, possisylting in multiple nucleation and

growth pulses.
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2. The 79AD eruption of Vesuvius

Nearly 2000 years ago, Vesuvius volcano producexlafrthe largest and deadliest
historical eruptions, burying the Roman towns ofddéaneum, Pompeii, Oplontis and
Stabiae under meters of both fallout tephra andgdgstic density current (PDC)
deposits (e.g. Lirer et al., 1973; Sigurdsson gt1#182, 1985; Cioni et al., 1992). The
eruption (volcanic explosivity index VEI=6, Cioni al., 2008) lasted over 20 hours and
produced a total of 2—3 Khof deposits, calculated as dense rock equivalBRE).
Pumice composition and color varied from a whitempdlitic to a gray tephri-phonolitic
composition during the course of the eruption, Wwhig thought to reflect pre-eruptive
zoning of the magma reservoir (Sigurdsson et 8001 Cioni et al., 1995). According to
this model, the magma that produced white pumierediter referred to as “white”
magma) was an un-erupted remnant from the ~3906rBption of Avellino, which had
differentiated and cooled to ~850 °C (Cioni, 2000¢r about 2000 years (Lirer et al.,
1973, Cioni et al., 1995). During the 79 AD eruptidatches of hotter tephritic magma
intruded the storage region, heated the lower @ortf the white magma teg 925°C
(Shea et al., 2009) and mixed with white magmartalpce the tephri-phonolite, which
produced the later gray pumice deposits.

Herein, we focus on the white magma and, more Bpaity, on the opening sub-
plinian (EU1) and plinian (EU2) stages. Our objeetis to characterize vesiculation
processes from the onset to the sustained plinh@se of the eruption. The opening
phase (EU1) formed a ~15 km-high buoyant columbwzs advected eastward by lower
tropospheric winds (Sigurdsson et al., 1985) amubsi¢ed fine-grained pumice tens of

kilometers from the vent (Fig. 1a and 1b).
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Figure 1. (a) DEM of th¢ Bay of Naples and Mt.
Vesuvius in Italy, overlain by 10 c-isopachs of fall
deposits of opening (EU1) and early Plinian (E
phases of the 79AD eruption. (b) Interpretativet
of eruptive column height in function of tin
through the eruption (modific from Carey and
Sigurdsson, 1987). (c) Outcrop showing EU1
EU2 separated by a pyroclastic density cur
deposit (EUlpdc). Hammer for sci

The unit varies from to 15 cm in thickness (Fig. 1c) and blankets flanks of the
volcana After a small column collapse event generatedalp dispersed PDC (EU1y
Cioni et al., 2000), the sustained activity incezas intensity and a much high~25-30
km plume formed (Fig. 1b), was carried sc-east by stratospheric winds (Rolandi et
2008), and deposited EU2 pumice hundreds of kilersefrom the eruptive cent
(Sigurdsson et al., 1985). EU2< 140 cm thick at the base of Vesuvius (C et al.,
1992), thins outward and then thickens again (>df) towards the Sorrento penins

(Sigurdsson et al., 1985; Fig. 1a, .
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3. Background: Textural investigation of products from the 79AD

eruption and vesiculation experiments in phonolites

The products of the 79AD eruption of Vesuvius hdeen characterized by
Gurioli et al. (2005b), who examined textural evide for the origin of changes in
eruptive behavior during two important transitiqnse. white to gray pumice EU2-EU3
and sustained plinian activity to caldera collap$¢3—EU4) using vesicle and crystal
textures. We focus on conditions related to theebrd eruptive activity (EU1) and
subsequent transition to the first Plinian phas&JAE In particular, we used
decompression experiments to explore the effectsvarlying starting conditions
(composition and microlite content) on conditiorfsvesicuation and, by inference, on
the course of the eruption. Textural data for EEdiiesented in Gurioli et al. (2005b);
textural data for EU1 is presented here.

Previous decompression experiments that use Vesupioonolite starting
compositions have explored conditions that allowuildgrium degassing to be
maintained. lacono Marziano et al. (2007) usedesdiguidus melts (1050°C) to
determine limiting decompression rates>af.7 MPa/s for homogeneous nucleation, and
< 0.0028 MPa/s to maintain near-equilibrium condisioof degassing. Larsen (2008)
started experiments at subliquidus temperature® 48d 950°C) where bubble nucleation
appeared heterogeneous even at high decompressgsn(8—17 MPa/s), requiring? <
50MPa to trigger vesiculation. These experimenticated, however, a big contrast in
the degassing behavior between the higher temperatperiments, where equilibrium

volatile contents were maintained during decompoessand the lower temperature
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experiments, where experiments deviate stronglymfrequilibrium trends. Our
experiments extend the range of experimental cimmgditto lower temperatures (850°C)
and slower decompression (0.25 MPa/s); these donslitlie within the estimated
temperature and decompression rate for the eadgebf the 79 AD eruption, thereby

allowing us to link the experiments to the nat@navironment.

4. Methods
4.1. Decompression experiments

We used multiple-step decompression (MSD) experimém investigate bubble
nucleation and growth in Vesuvius phonolites at dibons relevant to the 79AD
eruption. Pressure drops of 5 MPa were followed2Bysecond holding periods to
replicate a linear, integrated ascent rate of 18 (@/25 MPa/s), which represents the
average ascent velocity derived from the numenwadlel of Papale and Dobran (1993).
It is a conservative estimate considering that imates of 20—40 m/s are required to
reproduce the high mass discharge rates calcufatethe EU2 phase of the eruption
(Carey and Sigurdsson, 1987) in other numericargsnodels (e.g. CONFLOW, Mastin
and Ghiorso, 2000). Although magma ascent duringtem is non-linear (e.g. Neri et
al., 2002b), the use of a linear decompressionafa®e25 MPa/s was most practical in the

laboratory environment.
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4.2. Starting material and experimental setup

Starting  material for  decompression

experiments are 2—-3 cm-sized EU1 and EU2

pumice clasts (see Fig. 1 for sampling

Table 1: Major element chemistry for
EU1 and EU2 natural sampl

wt. %  EU114-1-2 EU2V15-2-9

, . . , SiO, 54.91(0.26)  55.41 (0.38)

locations) that show minor differences in Tio,  0.31(0.14) 0.26 (0.11)

composition (Table 1), with slightly lower ﬁ::gf 222_ '13; ((00_'12;)) 221'507 (g)_';;)

_ _ MnO  0.24 (0.08) 0.24 (0.12)

SiO,, FeO, MgO, and CaO and hlgherng, MgO 0.23 (0.03) 0.65 (0.07)

CaO  3.11(0.22) 3.69 (0.25)

NaO, and KO in EUl compared to EU2. NaO  6.22 (0.19) 5.32 (0.21)

K,O  9.89(0.42) 9.17 (0.39)

Two sets of experiments using powdered cre 0.54 (0.08) 0.26 (0.14)

P,Os  0.09 (0.04) 0.12 (0.05)

pumices from EU1 and EU2 were placed at  Total$ 99.20 (0.41)  99.76 (0.58)
n° 14 19

the initial pressure (B150 MPa) and
temperature (T=850°C) for 5-7 days under
water-saturated conditionsga=1) inside Au,

Ag, or Ag-Pd capsules loaded into Rene-style

Clis reported as oxide weight percent.
® Original totals with analyses normalized to

100%.

¢ Total number of electron microprobe
analyses of glass created by melting
powders in AgsPds tubing for 10 minutes

at 1300°C.

Waspaloy vessels pressurized withOH This step ensured that the material would reach
near-equilibrium starting conditions, and that pspace was minimized (Larsen and
Gardner, 2004; Larsen, 2008). A series of prior M8Ds with initial pressure £100
MPa and temperature T=850°C (Larsen, unpublishéa) daas also available to compare
with series at 150 MPa. Those MSD experiments underwent an additiannealing
step at 1000°C prior to re-equilibration at 850t@ttinitially served to eliminate most
microlites that might modify nucleation behavidrus$ allowing us to assess the effect of
crystal content. Hereafter, the 150 MPa serieg€fot and EU2 are labeled “series A and

B” respectively, and the annealed 100 MPa seriagadbte for EU2 is labeled “series C”.
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Oxygen fugacity (fQ) was maintained at Ni—NiO £0.5 to 1 log unit (Reriord, 1996;
Scaillet and Pichavant, 2004) in saturation expenits by inserting nickel filler rods into
the vessels. Capsules were placed on a hot pldfg0atC and weighed before and after
each saturation run to ensure that no water had losé Splits of resulting glass slabs
were then reloaded into several capsules 30 mrangth and 4 mm in diameter, each
crimped and welded. Each capsule was then pladedapid quench-capable cold-seal
vessels at T=850°C,,#50 MPa for 1-2 hours, then decompressed stepamsk
guenched at ending pressureg) etween 125 and 25 MPa. In general, decompression t
lower pressures resulted in foam collapse or fragat®n although one successful run at

P—=10 MPa was integrated into the experimental datase

4.3. Experimental conditions

The experimental temperature of 850°C is withinrdrege determined for the 79
AD magmas from prior studies (Barberi et al., 198igni et al., 1995) and at the lower
bound of the 850-925°C found by Cioni et al. (1988)1 Shea et al. (2009). Storage
pressures have been constrained at 100-150 MPaidyy (2000) on the basis of
volatiles in melt inclusions although Scaillet ¢t @008) and lacono Marziano et al.
(2007) have inferred pressures of 200 MPa usingelauilibria and water solubility
experiments, respectively. We useg¥50 MPa for both EU1 and EU2 runs. Finally,
although CQ might have been present during earlier stagesagiima storage (Scaillet
and Pichavant, 2004), absence of,&hin melt inclusions indicates that the magma
was HO-saturated (kD < 6.5 wt%) immediately prior to ascent (Cioni, 200Qjater-

saturation was consequently assumed for all decessjmn experiments.
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4.4. Textural characterizatiol

Measurements of sample vesicularity, vesicle sistriution (VSD) vesicle volume
distribution (VVD), and number density punit volume melt i{ly) were obtained using
methods described Bhea et al.20103. Sample vesicularity is determined by measu
sample weight in air and water, assuming a fisolid fractiondensity (Houghtorand
Wilson, 1989). Density/vesicularity httograms wereused to sele three samples
representative of the lowmodal and high-density emdembers for further textur

characterization (Fig. 2
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While density measurements are easily achievablecrit-sized pumice clasts,
they are noffeasible fo experimental samples that have volumes of a fewccuorm.
Thus, experimentalists often choose to consideribevesicularity as representative
the 3D vesicularity (e.g. Gardner, 1999; Gardnealet2000; Martel and Schmidt, 20(
Manganet al., 2004; Mourtac-Bonnefoi and Laporte, 2004; Burgisser and Garc

2005; Cluzel et al., 2008), or derivesicularityusing stereological corrections metht
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(e.g. Mourtada-Bonnefoi and Laporte, 2002; Larsah @ardner, 2004). In an attempt to
estimate how 2D (i.e. “image vesicularitg,,) compares to true vesicularity (“density-
derived vesicularity’g,,), we gathered data from five explosive and oneiseffe

eruptions, and derived a best-fit equation (seeefydjx A for a full description):

@, =-6762x1072¢@,° +15574p, + 25 (Eq. 1)

VSDs, VVDs and N values were derived via a Matfabased algorithm (cf.
FOAMS, Shea et al., 2010a) based on formulationSdiagian and Proussevitch (1998).
Vesicle number densities were corrected for catedlaesicularitiesNycor, Table 2) to
provide information on the number of bubbles thatleated and survived coalescence
and collapse. Finally, to test the influence of molites on vesiculation, oxide number

densitieNyox per unit volume were also measured in decompnessiperiments.

5. Results

5.1. Textural characterization of Vesuvius 79AD whitenpre

Detailed descriptions of EU2 textures can be foun@urioli et al. (2005b); new
measurements concern EUL only. Nonetheless, tbtdéeicomparison, both EU1 and

EU2 textural features are summarized in the follmyparagraphs.
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5.1.1. Observations

Textural measurements for both EUl and EU2 are rreghofor clasts that
represent the mode and extremes of the densitytdigson for each deposit (e.g., Shea et
al., 2010a). Progressing from low to higher deesifFig. 3a, ¢, d and Fig. 3b, d, ), large
(>0.5 mm) vesicles become sparser and glass visidleen. In all samples, larger vesicles
have complex shapes while smaller ones (i.e. <Oni) ere round. Vesicle walls are
smooth, and bubbles are either located away frogelarystals or arranged as intricate
radial webs around leucites (Fig. 3g and h). Tidy3-um oxide microlites (dominantly
titanomagnetite) are abundant and homogeneoustyibdied within the glass of all
natural samples. While the low and modal densiy-members in both EU1 and EU2
display similar textures and vesicularities, EUfhdensity clasts are less vesicular
(~62% for EUL high and 71% for EU2 high) becausealtdrnating dense and vesicular
regions (Fig. 3e) that may be associated with shaads. In contrast, the high-density
end-member of EU2 (Fig. 3f) is relatively homogemedEU2 also contains more minute
(i.e. <0.01 mm) vesicles than EU1 (e.g. compare Fagwith 3h). Neither EU1 nor EU2
show evidence of post-fragmentation expansion,(érgadcrusting, differential bubble
expansion, Polacci et al., 2001; Klug et al., 200&)ich may affect the interpretation of
measurements. Throughout this contribution, weetloee assume that the textures by

EU1 and EU2 pumices are frozen records acquireidglor prior to fragmentation.
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EU1 Mode p (75.0%)

Figure 3: SEM images

of EU1 and EU2 natural
pumice samples. (a)
low, (c) modal and (e)

high  density clasts
chosen within EU1, and
(b) low, (d) modal, (f)

and high density clasts
from EU2. Walls are

somewhat thicker in

EU1L and the high

density end-member (e)
possesses different
textural zones. (g) and
(h) are close-ups of
modal density clasts
from EUl1 and EU2

respectively. Note in (h)
the slightly  higher

proportion of very small

bubbles in between
glass nodes compared to
(9).

Ves=vesicle, Gl=glass
and Lc=leucite
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5.1.2. Measurements

Measurements of natural and experimental vesidessinumbers, and other
relevant parameters are reported in Table 2. Visites for the two sets of natural
samples are 62, 75, 81% low, modal and high dessi@spectively for EU1, and 71, 77,
83% for EU2 (Fig. 2). Vesicle size distributions§W, Fig. 4a) differ in that the modal
sample of EU1 lacks the larger portion of the papah visible in EU2 modal. Both EU1
and EU2 low density clasts show extended tails tdsvéarge vesicles (> 1.5 mm) while
the high density end-members contain only vesiglds5 mm. VSD curves, which are
used to infer the steadiness of the vesiculatiatgss (e.g. Cashman and Marsh, 1988;
Mangan and Cashman, 1996, Klug et al., 2002; Adetnas., 2006), show gradual rather
than abrupt changes. Kinks within the larger pojahs (>500um) are artifacts of lower
sampling frequency associated with geometric bigunin

Size distributions expressed as volume fractiortogreams (Vesicle Volume
Distributions “VVD”, Fig. 4b) provide a more detad view of the larger (and less
numerous) vesicles. Low density clasts have a damimode at 20-30 um, and a
secondary mode at larger sizes caused by coales¢enr Klug et al., 2002). EU1 and
EU2 mean density clasts show minor differencesoatparable vesicularities (75 and
77% EU1l and EU2 respectively); EU1 is unimodal wlasr EU2 could be bimodal.
Lastly, EU1 and EU2 high density distributions bb#ve one dominant mode. For high-
density samples, in contrast with low and mean itdemaimices, vesicularities differ
strongly (62% and 71% for EU1 and EU2 respectivphpbably due to shearing-induced

bubble collapse within narrows zones of EUL (Fig). 3
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Figure 4: (a) Vesicle size distributions for EU1 and EU2 egjlivalent diameterL, linear scale). (b)

Vesicle size distributions in terms of volume fians vs. equivalent diameteL, geometric scale) display
different modesNote that volume fractions sum to vesicularity \esfor each samplFitted curves in

modal clasts are used in Fig. 6 to compare with erpaEts n=number of vesicles analyz
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In general, dominant modes are about two to thmestlarger in size in EU1 compared
to EU2 (Table 2), irrespective of clast vesicularit CalculatedNycor values are
systematically higher in EU2 than in EU1 for akst densities (close to 3>X1@m for
EU1 and around 1x1Gmm? for EU2). The smallest vesicles<0.01 mm) are the most
numerous (VSDs, Fig. 4a) and their contributiomotal porosity is non-negligible (~3 to
12% vesicularityg <o.01, Table 2).

Gurioli et al. (2005b) interpreted EU2 to have ugd@e continuous nucleation
and growth. Additional information is provided bymparison with EU1 data; EU1
vesicle modes (0.03, 0.08, and 0.05 mm, cf. Taplar@ slightly larger than EU2 (0.02,
0.04, and 0.015mm), which could indicate more timéhe conduit after nucleation of
late-stage bubble populations or simply differimgent rates in the upper regions of the
conduit prior to fragmentation. In all pumice saegplanalyzed, cumulative VSDs are
best characterized by power-law distributions Blbwer et al., 2001) with exponents

d>3 (Table 2).

5.2. Textural characterization of laboratory experiments

To provide direct comparison between natural saspded experiments,
observations of the development of vesicle textui@sng decompression are followed

by descriptions of textural measurements made mwigach experimental series.

5.2.1. Vesiculation during experiments: observations
The evolution of the exsolution process in serieandl B P=150 MPa) and C

(P,=100 MPa) is illustrated in Fig. 5 by SEM photosgperimental charges (see Table 2
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for measurements). Bubbles nucleate soon afterng@@ssion (Fig. 5a,b,c), indicating
that a large supersaturation is not required ttiabei vesiculation in bD-saturated
Vesuvius phonolites. As expected, bubbles growelaag lower ending pressures and
start to coalesce at the lowest pressure rea¢he@$ MPa in series A and B, afg=10
MPa for series C).

At Pe=125 MPa, the numerous small bubbles present witeinles A and B
experiments appear homogeneously distributed withér melt (Fig. 5a and b), often
associated with oxides (titanomagnetite themdfitg, 5d, e, f). AtP=50 MPa, vesicles
have grown much larger, although EU2 samples retimaller bubbles. After
decompression t®-=25 MPa, series A is dominated by closely-spacegeldoubbles
separated by thin walls, whereas series B confeiner but larger bubbles separated by
thick glass walls. Coalescence areas appear monendot within series B. At the lowest
final pressure, series A and B have calculatedcuésmities of 63 and 57% respectively,
which are lower than in most natural 79AD sampbes] are likely a consequence of
incomplete decompression. The most apparent difée® can be expressed in terms of
bubble shape and outline: large series A vesidesrestly round with smooth walls,
whereas series B vesicles show irregular shapésragiged walls. Even at very loaP
(Pe=125-100 MPa), tiny series B vesicles show facetdtines whereas series A vesicles
are round (Fig. 5a and b). This striking differerme@ be attributed to the high numbers
of 1-3 um-sized sanidine microlites within series B glaBg).( 5e), whereas series A

glass lacks microlites other than oxides (Fig. 5a).
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EU1 exp.|P.=125 MPa

B A -

EU1 exp.|P.=50 MPa AP=100 MPa

3 _ S8 YA

EU2 exp.|P,=25 MPa aP=125MPa| SO KM | |EU2 exp.[P,=10MPa AP=00 MPa

EU2 exp.|P.=75 MPa AP=25 MPa —

Figure 5: SEM images of experimental samples quenchedfatelit pressure conditions. (a) Series A and
(b) Series B started &=150 MPa and quenched Bt=100, 50 and 25 MPa, and (c) Series C started at
P=100 MPa and quenchedR#=50, 25 and 10 MPa. Vesicles in Series B haveyfdidtorted shapes and
ragged glass walls compared to Series A and C tralssamples. (d), (e), and (f) are close-ups @300
magnification) of groundmasses from all three sesieowing bubbles often nucleate on titanomagisetite
Note the numerous sanidine microlites within seBesompared to series A and C. Black=vesicles, dark
gray=glass, white=oxide microlites.
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Series C experiments involved the same EU2 startiaterial used for Series B
experiments, but the results differ considerablyuchl like in Series A, vesicles are
dominantly round, their boundaries smooth, and sherounding glass is clear and
homogeneous containing fewer oxide microlites (Biy. At a similar ending pressure of
Pr=25 MPa, vesicularity is comparable to series A Br$9%) and aP-=10 MPa attain
82% as vesicle walls become extremely thin (Fig. Sadging from vesicle shape,
coalescence appears to be more dominant in serileandn other series: glass walls are
often deformed and seem to be on the verge of nagt{Fig. 5c).

In terms of general appearance, EUl1 and EU2 nasamlples more closely
resemble series A and C than series B. Comparasertes A and C, however, vesicle
walls are typically thinner in natural samples agldss nodes are less prominent. In
addition, the number of small vesicles betweenddrgbbles is much higher in natural
samples, where configurations closer to Apollompacking (i.e., minimization of space
by packing spheres of varying radii) are reached:dntrast, experimental samples have

a limited size range, even after extensive decosspa.

5.2.2. Measurements

Quantification procedures identical to those used tiatural samples were
employed to characterize decompression experimemf@rtunately, due to the reduced
sample volume within experimental capsules, obsiensare limited to about 4 nfrin
area and measurements are restricted to a 0.0@D-théh interval. Because modes are
not well depicted by VSDs, the distributions arpamed only as VVDs (Fig. 6), with

EU1 and EU2 mean density distributions shown faonjgarison.
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Figure 6: VSDs for Series A, B and C at different final gsares. Vesiclelargel than 0.240 mm are not
accounted for. The shaded region represents thepart the size distribution for which we cannotkea
inferences. Size distribution curves (dashed lifes)eU1l and EUZmodal densitie are reported along
with their corresponding serieNote that volure fractions sum to vesicularity values for eachgan
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Inspection of the smaller size range (0—-0.010mm) reveals that botseries A and B
possess small vesicles throughout decompressionpnirastto series C, where they
disappeawith decompressn. All threeseries have dominant modes that increase ir
with decompression, but do not achieve the sizgaaeen in pumice samples (Fig.
Interestingly, sries A and BVVDs are polymodal untiP==25 MPa, where only or
mode remains, although ' limited measurable size range may mask secondades
associated with coalescenSeries C preserves only one maaed has larger modal

sizes than Series B.
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Vesicle number densitieNycorr, Table 2) in all threeegsiesshow rapid increases
before reaching @lateau (Series B) or declini (Series A and C; Fig. . Series A
reaches maximum 0Nycorr ~10° mmi®, which drops to 10mm? at4P=125 MPa Pr =
25 MPa). In contrastSeries B attains values of 1énm>. Series CNy values are

significantly lower thanseries A andB, reaching a maximum of 4x> mm?®. These
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experimental number densities barely reach theerarig\y values measured in natural
samples, with the exception of Series B, where rerndensities overlap with the most
vesicular EU2 sample. Most experimental cumulati¥®Ds show distributions that
follow exponential functions (Table 2) with expotendecreasing with increasing

decompression.

6. Discussion
6.1. Assumptions inherent to experimental procedure

Before laboratory experiments can be compared @¢ontitural samples, several
underlying assumptions need further consideratioitial materials used for these
experiments were crushed into fine powder and téigmer annealed at 1000°C or
inserted directly into experimental capsules fouildgration at high pressure and
temperature prior to decompression. Using powdeithowt fusing them at high
temperatures (i.e. series A and B) presents ttegldistage that pore spaces or hydration
bubbles may be present at the onset of decomprefisiosen and Gardner, 2000, 2004).
In series A and B samples, a few hydration bubbdesbe observed but are in such small
numbers that their contribution is considered insigant (cf., Gardner et al., 1999). In
comparison, fusing samples prior to equilibratioa. (series C) reduces pore spaces, but
has the drawback of annealing some microlitesrtlight otherwise be present within the

natural melt stored in the crust prior to eruption.
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6.2. Heterogeneous nucleation in 79AD Vesuvius phorsolite

Our experiments show that <25 MPa of decompresaias required to initiate
vesiculation in all experiments, in contrast to lingh degrees of supersaturation typically
necessary to trigger homogeneous nucleation inlitago(Mangan and Sisson, 2000;
Mourtada-Bonnefoi and Laporte, 2004) or phonol{tasono Marziano et al., 2007). The
low pressure drop required to generate bubblesatsfiheterogeneous nucleation, as pre-
existing microlites provide surfaces on which be&bbkmbryos can form (Hurwitz and
Navon, 1994; Navon and Lyakhovsky, 1998; Gardneaal.et1999; Mangan and Sisson,
2000, Cluzel et al., 2008). Larsen (2008) reachsitndar conclusion for K-phonolites at
higher temperatures and, like Hurwitz and Navon9#)9 suggested microscopic
crystalline phases as potential nucleation sites.

In our experiments, bubbles nucleate both on arelydmm microlites (e.g. Fig.
5d, e, f); Furthermore, as seen in other experisjeahly oxides serve as bubble
nucleation sites (Fig. 5e; Hurwitz and Navon, 198&von and Lyakhovsky, 1998;
Cluzel et al., 2008). To investigate the relatiopdbetween vesicles and microlites in
more detail, oxide number densitidg,x were measured in experimental series. In series
A, B, and C, resultind\yoxare 1x106, 5x10, 3x10 mm? respectively, five to ten times
higher than their corresponding vesicle number itheii§able 2, Fig. 7). Thus, for each
series, there are more available nucleation diias there are nucleating bubbles. Series
A and B used slightly different compositions butntical experimental procedures.
Series B and C used identical starting compositious different pre-decompression
treatment (Series C samples were annealed at émperature). From this we infer that

nucleation is limited by properties of the melt eradiffusivity and/or surface tension)
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and the time scale of decompression. As oxidesaleady present in the melt before
decompression, oxide number density should be albedr by pre-eruptive composition

and temperature rather than decompression ratier@&iices in measured vesicle number
density between the three series (cf. Fig. 7) lawms pnly partially related to the number

density of oxide phases since all available nuidaaites are not utilized.

6.3. Equilibrium exsolution

To verify whether our experiments followed equilibn exsolution paths,
vesicularities measured in Series A, B, and C hosva in Fig. 8 along with equilibrium

curves given by Gardner et al. (1999) as:

5\7 H20 (WI —WF)
p= — (Eq. 2)
1+ (';V H20 (WI - W )j

where p is magma density in kg FZ is molecular water weight in kgy, and w. are
the weight fractions of dissolved water at iniald final pressures determined using the

solubility model of Larsen (2008), andzo the molar volume of water (in vapor phase)
at the final pressure inin

Within uncertainty, experimental porosities follothe equilibrium line very
closely for all series, attaining about 60%Pat25 MPa, and 82% &®-=10 MPa in

Series C. Thus, the experiments not only nucle&igobles rapidly at low1P, but
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Vesicularity (%)

maintainedequilibrium degassing paths during decompressidvhen compared wit
Larsen’s (2008) results, which show disequilibriuegassing at T = 9°C and
decompression rates3 MPa/s, this illustrates the sensitivity of desyag trends to oth

magma properties and decompression condi(see alsd.arsen and Gardner, 20C
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Figure 8 Variations in vesicularity shown by experimergaimples from Series A, B and C compare
predicted equilibrium vesicularities following theodel of Garder et al. (1999). Vesicularities within lo
modal and high density natural clasts are also reportedth® Yaxis for comparison. Maximul

uncertainties reported are associated with vesitplaorrection scheme imposed (see Appendix A
details).

6.4. Evdution of vesicle size during decompres:

To investigate bubble growth, we compare vesicleesimeasured with
experiments to those found in natural pumice. Wegare modal sizes for samp
representative of eacfinal pressure achieved in series B,and C withthe ranges
measured within EU1 and EU2 low, mean and high ities (Fig. 9). All series reach
modal sizes measured in natural sample Pe=<75 MParegardless of starting pressu
which indicates that pressure exerts the primamtrob on bubble siz. However,

quenching at this pressure is unrealistic for tleswwius eruptiol For this reason, we
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infer that at least one experimental variable glpndiffers from 79AD eruption
conditions. The most likely is decompression rate,more rapid magma ascent and

decompression implies less time spent within thedod, and consequently smaller

bubbles.
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Figure 9: Modal sizes of experimental samples obtained feipe distributions from all three series.
Ranges of modal sizes measured in natural sample@srodal and high densities) are also plottedhan
y-axis for comparison. Experimental samples allcheanodal sizes measured in natural pumice at
Pr=75MPa.

6.5. Evolution of nucleation and growth through deconggren

Modal growth rate Gnoq9 Variations during decompression can be calculated
directly at each 25 MPa step using modal sizeseapdrimental times. We consider only
additional growth at each step of decompressiobl€T2 and Fig. 10a). Although series
A shows higher growth rates than Series B, bottelgrowth rates that increase slowly
until P==90-100 MPa, after which values increase abruptlgahieve maximum values
at P==50 MPa. Series C has maximum growth rates at Id¥¢erwith growth rates

escalating aPr=25 MPa, most likely due to the onset of coaleseenc
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Figure 10 (a) Growth rate$s measured within experimental samples. Bec&gg. strongly depends on
final pressure rather thaiP, growth rates are plotted agairdt. (b) Nucleation rates J are a direct
function of 4P, and values measured in experiments are comparedrtes obtained from the classical
nucleation theory (gray curves) for various valagsffective surface tensiaiter (N m™) and a diffusivity
D=10"? m s? Similar curves calculated using diffusivity vasu®=10"" m s® are also shown for
comparison (dotted lines). Exsolution in seriesndl 8 is first dominated by bubble nucleation anenth
subject to prevailing growth as no new bubblesfarmed. In series C, growth is more influentialtta¢
onset of vesiculation. Notice that nucleation osdhirough a wide range of effective surface tensalnes

as samples are decompressed.

Nucleation rates were calculated using differenoeNl.or between successive
experiments divided by the decompression time walerWe compare them to those
derived from classical nucleation theory (CNT). Mation rates depend directly on the
free energy change required to form a cluster aacegpressed as (Turnbull and Fisher,

1949; Hurwitz and Navon, 1994; Mangan and Siss@®@022005; Mourtada-Bonnefoi

and Laporte, 2002, 2004; Cluzel et al., 2008):

16/’

J=J, @ 3R (Eqa. 3)
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where J andJ, are nucleation rate and a pre-exponential parameseectively, in ms

! o, is melt-bubble surface tension for homogeneouseation in N ', k is the

Boltzmann constant in JK T is temperature in K, an&, and P,, are critical nucleus
and melt pressures respectively.

Inturn, J, is expressed as:

_20,nD o

J Eq. 4
o= G (Eq. 4)

where Q,, is volume of water molecules in the melt if, | is water diffusivity in i s

! n, is the number of water molecules per unit voluriemelt in m* calculated as

n, =M, X, % with 1, being Avogadro’s numberp the melt density in kg 1) Xu

the mass fraction of water within the melt, and the molar mass of water; finally,

1
a, =n, 3 is the mean distance between neighboring wateeentds (Cluzel et al.,

2008). In heterogeneous nucleation, the activagBoergy is reduced by a factor

expressed as (Hurwitz and Navon, 1994; Navon ardkhgvsky, 1998):

4= (2—C089§1+ C089)2 (Eq. 5)
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whered is the wetting angle between bubble and crystataBse we do not kno&for

the oxides that serve as nucleation sites, we ceplg,,, by an “effective” surface
tension o that incorporates the activation energy reductierm expressed as
Ocer =9°0,0n (Cluzel et al., 2008). This term thus incorporaddisparameters that

facilitate nucleation (e.g. microlites). Our obs#ion that there seems to be no barrier to
nucleation supports the assumption that the nurmbeucleation sites is larger than the

total number of vesicles and tlyt= P;,;, where P, is the saturation pressure aRgl
the critical nuclei pressure. ThuB,,,; — P, =AP in nucleation rate calculations. Water

diffusivity is assumed to bB=2x10"? m* s?, based orD=2x10" n? s* for Vesuvius
phonolites aff=1050°C (lacono Marziano et al. 2007) and a faofotO0 correction to
account for the temperature difference (Watson4188rsen, 2008).

Eq. (3) was solved for various effective surfagesiens ranging from 0.01 to 0.1
N m?, and results are plotted along with experimen&tadFig. 10b). As expected,
experiments indicate a low effective surface temgic0.075 N rif) at 25 AP<75 MPa
and nucleation rates drop to 0 4#P=50-75 MPa. Prolonged nucleation in Series B
experiments is indicated by the presence of smddbles anP=75 MPa (Fig. 6). In all
series, nucleation rate trends traverse a rang#egtive surface tensions, as observed by
Mangan and Sisson (2005) for dacites and rhyolA&er 25 MPa of decompression, all
three series plot close to effective surface terssias low as 0.030 N M(Fig. 10b).

Similar values ofo... were found by Mourtada-Bonnefoi and Laporte (2004dacites

using data from Gardner et al. (1999).
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A comparison of growth and nucleation rates (Fi@a Jand b) reveals that
nucleation is dominant for the first 50-75 MPa etdmpression in series A and B, after
which growth takes over. Thus, equilibrium vesicles are maintained first by
vigorous nucleation and then by diffusive growtithmno addition of new bubbles. In
series C, growth is much more rapid at the begmmhdecompression. In all series,

bubble numbers decrease at low pressures as simaltibles coalesce.

6.6. Comparisons with numerical models

We use the numerical models of Toramaru (1995, PQ@O6predict vesicle number
densities Ncons) @s a function of decompression rate, diffusivagg the surface tension
between melt and bubbles (Yamada et al., 2006;namna, 2006). For comparison with
pumice samples, we use number densiigs,~3x1F mm*® and Nycor=11x16 mm?
measured in EU1 and EU2 modal density samples cbgply (Table 2). Similarly,
experimental plateau values are used, thatN§eo=1x10® mm?3, 6.5x16 mm?3, and
0.3x1¢ mm? in series A, B and C respectively.

The number density predicted by Toramaru’s modete HabeledN¢onst for constant

number density, is written (Toramaru, 2006):

O
N = 34X 0,20, a,

const

3
2

(Eq. 6)

Here X, is the initial water concentration at the satematpressure, and,, a,,

a, represent dimensionless parameters (Toramaru) 18&5are defined as:
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_ 16707}

a.= = Oriom Eq. 7
= 3TR? (Eq. 7)
Q,P,
a, = Eq. 8
2= T (Eg. 8)
KTX,DP,
ST
2

HOM

‘ (Ea. 9)

dt

As in earlier calculationsg,,,,, is replaced byo... to account for activation energy

reduction during heterogeneous nucleation.

Figure 11 shows the influence of both decompreseada (IP/d) and effective

surface tension ¢ --) on the maximum stable value bdkons: Experimental number

densities agree well with the modeldt... = 0.02, 0.035 and 0.045 N'nfor series A, B
and C respectively. These values are similar tecéffe surface tensions estimated for
small AP experiments using Eq. (3) (Fig. 10b) and witlnestes by Mourtada-Bonnefoi
and Laporte (2004) and Mangan and Sisson (2005@doites. We also compare the
numerical results with measured number densif&g.(; Table 2) for EU1 and EU2
samples. Assuming that experimental surface teasidr0.035 N rif calculated from
series A can be extrapolated to both EU1 and E¥@omhpression rates of ~0.5 and 1.0
MPa/s could produce thd, measured in EU1 and EU2 natural samples respéctive
If, however, effective surface tension in EU2 wasser to series C values (i.e. 0.045 N

m™Y), decompression rates of about 2 MPa/s are needed.
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6.7. Volcanological implicatior

Our comparison of pumice samples, experimentalggdsaand numerical mode
raises several questions. The first relates tewdffces in the vesiculation characteris
of EU1 and EU2 magmas. EU1 natural sles and series &xperimentshave larger but
fewer vesicles than EU2 natural samples iseries Bexperiment: If the differences in
natural samples were solely a function of varyingcaimpression rates, then -
experiments should have yielded identicesults. Shea et al. (2009) show that f
compositional difference between the two eruptimgsucaused shifts in phase equilik
curves for leucite and other pha. Indeed, sanidine microlites crystallized vigorou
within series B but not series A eeriments. The textures show that the presenc

sanidine affected the form, if not the rate, ofiwelation in the experiments. Howe
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EU2 pumice clasts show no evidence of sanidine.sTlhe experimental conditions
chosen for replication of EU2 vesiculation failed &dequately reproduce natural
conditions. The recent results of Shea et al. (RG@gest that higher experimental
temperatures are necessary to prevent sanidinekigation.

A second question relates to the observed formhefvesicle size distributions.
Vesicle number densities measured within experiaiesgmples are only slightly lower
than those found in pumice. Our calculations shioat tecompression rates two to eight
times faster would better replicate observed nundbemsities. It follows that two
hypotheses can be put forward to explain differsnicenumber densities between the
opening and the Plinian phase of the 79AD erupt@ther that EU1 and EU2 melts,
although chemically related, are different enoudtat ttheir physical properties
(particularly microlite concentrations) promote biénucleation in EU2 magma, or that
EU2 erupted more rapidly than EULl. Whereas experisnsuggest that the presence of
oxides could significantly influence the outcomevesiculation, field evidence supports
differences in ascent rates between eruption of Bhd EU2. Calculations of column
height and discharge rate for the eruption (Camy Sigurdsson, 1987) demonstrated
that the column height increased along with disghaate during eruption of the white
magma (c.f. Fig. 1). Hence, it is likely that adceates within the conduit were higher
during emission of EU2 than they were during theropg phase EU1.

Vesicle size variability is much broader in natuieen compared to experiments
(cf. Fig. 3 and Fig. 5). This variability can beagified by comparing VVDs (Fig. 6).
Additionally, it appears that modal sizes measumdgU1 and EU2 are attained too early

in the inferred (experimental) decompression hys{&ig. 9). This is a strong indication
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that vesiculation undergone by natural magmas igemmmplex than in simple
decompression experiments. Natural pumice showsr-Amallonian packing
configuration predicted for continuous nucleatiBfogver et al., 2001; 2002), with VSDs
that follow power law distributions (exponents=3.4—3.6 Table 2). In contrast,
experimental samples show thinner glass walls a®D9/ that follow exponential
distributions, indicating one or few pulses of matlon (Blower et al.,, 2002).
Experiments show that nucleation is not steadyaf@onstant decompression rate (Fig.
10b) but rather peaks and drops fairly rapidly. ¢égnthe pressure perturbation
responsible for continuous nucleation during asoémtatural magmas is unlikely to be
generated by a steady decompression rate, as iexjperiments. This confirms that
magmas such as those involved in the 79AD eruptiewe more complex ascent and
vesiculation histories than simple “continuous eation and growth” models often

proposed to account for vesicle textures obsemexyioclasts.

6.8. Comparisons with other magmas and implications tfoe style of

ascent

Larsen’s (2008) experiments run at EU2 temperat(ire800°C) anddP/dT> 3
MPa/s, did not show equilibrium degassing. Expentseon rhyolitic magmas show
similar disequilibrium at decompression rates >B.0@Pa/s, due to much slower
diffusion and resulting build-up of high supersation levels (Gardner et al., 1999;
Mangan and Sisson, 2000; Mourtada-Bonnefoi and itapa004; Cluzel et al., 2008). A

common conclusion is that impeded nucleation mathbekey to generating the extreme
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explosivity of silicic magmas. In most models, hexa diffusion is slow in rhyolites or
rhyodacites, bubbles nucleate in numbers reach®igl® mm* (Mourtada-Bonnefoi
and Laporte, 1999, 2002; Gardner and Denis, 2004)aiter the critical supersaturation
pressure is exceeded. In microlite-bearing K-phitem| no supersaturation is needed for
bubbles to nucleate; nevertheless they attain ntsrgimilar to those measured in more
silicic magmas (Larsen and Gardner, 2004; laconazidao et al., 2007; Larsen, 2008;
this study).

The difference in vesiculation behavior between enevolved silicic and less
evolved alkalic magmas has important implicatiomsthe style of volcanic eruption. If
rhyolitic melts are brought to extremely unstalilertnodynamic states by build-up of
oversaturation, they may fragment as a consequehsedden nucleation and growth
(e.g. Cluzel et al., 2008). In contrast, phonolitielts tend to track equilibrium water
contents and vesicularities along the decompregsatim, as long as decompression rates
are lower than 5 MPa/s. It is thus much more likéhat fast ascent is the main
fragmentation-triggering mechanism in phonolite teyss, ultimately responsible for

initiating and sustaining the Plinian eruption afsdivius in 79AD.

6.9. The uses and limits of linear laboratory vesicuatexperiments

We have illustrated how textures observed in expemial runs are a subtle
balance between nucleation and diffusive growtbudibles. When abundant nucleation
sites are available (series A and B) nucleation idates, and as the space between
bubbles is reduced, diffusive growth becomes dontingig. 10). However, as

mentioned previously, this behavior (i.e. one puaucleation and growth) occurs only
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in systems undergoing linear, constant decompnessitirough time. While this
condition may be satisfied for certain phases afjmmatic ascent, studies have shown that
magma likely ascends in a non-linear fashion, emethe conduit rather slowly and
accelerating until the fragmentation level (e.grin¢ al., 2002b). In this model, primary
nucleation events form fewer large bubbles wheroggeression rates are slow enough,
and countless smaller bubbles form following seeopdhucleation events towards the
upper regions of the conduit due to substantiaklacation (Mourtada-Bonnefoi and
Laporte, 2004; Massol and Koyaguchi, 2005; Cluzedle 2008). This non-linearity is
thought to be responsible for the bi-modality o$ieke size distributions often measured
in natural pumice (Cluzel et al., 2008). In 79ADitghpumice VSDs, bi-modality is not
ubiquitous (Fig. 4). High density clasts for botd Eand EU2 do not record a clear bi-
modal distribution and the second mode observdelh and EU2 low density clasts, as
well as the population in the EU2 modal densitysglanay result from coalescence or
could have formed deeper in the conduit. Assumireg bubbles do not have time to
entirely decouple from the melt, the superimposittd size ranges resulting from each
nucleation events could then generate the widecangplex size distributions typically
measured in natural pumice. It is difficult to essén detail the effects of non-linear
ascent rates on textures at the laboratory scatesach experiments have not been yet
attempted. In the future, non-linear vesiculatioperiments involving either numerous
pressure drops with decreasing hold times or inmglvcontinuously increasing
decompression rates need to be tested in ordevaioate the influence of variations

during the decompression path on resulting vesilires.
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7. Conclusions

Experiments involving decompression of K-phonolitesre compared to natural
samples erupted during the opening and plinian gthad the 79AD eruption of
Vesuvius. At conditions initially inferred for asdeof the Vesuvius 79AD white magma
(100 MPa <P, < 150 MPa;T=850°C,dP/dT=0.25 MPa/s), experimental samples produce
vesicle number densities within the same order agmitude of those measured in EU1
and EU2 pumices, and bubbles of equivalent sizesfiratl pressures that are
unrealistically high for the natural environmentxp€rimental samples exsolve their
water in equilibrium with the melt at the appliedcdmpression rates; however, vesicle
size distributions are somewhat different from thehown by natural EU1 and EU2
samples. Number densities rapidly reach their marinand stabilize (around 3@nd
10" mm?® in EU1 and EU2 respectively), as predicted by Warau (2006), and low
effective surface tensionsge~0.035 N nT) are needed to generate such high values at
ascent rate conditions suggested for the 79AD mmuptin nature and within the
experiments, EUL1 shows fewer but larger vesiclas tBU2; this can be related both to
small differences in ascent rates (EU2 faster tBari) and compositional differences
within the melts (i.e. influence of microlites).

From this study, we infer that the wide and ofteslymodal size distributions
measured in natural samples can be obtained if magnadures non-linear pressure
perturbations and if nucleation pulses are trigg@tevarious levels in the conduit. In this
model, modal sizes observed in EU1 and EU2 sampkdt from bubble growth in the
upper part of the conduit as ascent acceleratesp@ssed to being generated throughout

decompression. In turn, experiments show that tge humber densities measured in
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natural samples can be reached as long as decagprestes of the order of 0.5-1
MPa/s are attained during ascent.

Finally, comparisons made between K-phonolites @mode evolved silicic magmas
such as rhyolites illustrate how diverging asceidtonies may result in similar
catastrophic plinian eruptions. Through detailedestigations of natural pumice and
laboratory vesicular samples, therefore, significarogress is being made towards
understanding how complex textures observed at gdhdace may form. Future
experiments should perhaps include the possibildf exploring non-linear
decompression rates in the laboratory in ordervienebetter replicate natural pumice

textures.
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Appendix A
In an attempt to estimate how 2D (i.e. “image valsigty”, ¢,,) compares to true

vesicularity (“density-derived vesicularityy,, ), we gathered data from five explosive
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and one effusive eruptions including Mt. St HeldiWgashington, USA) (Klug and
Cashman, 1994), Vesuvius (Naples, Italy) 79AD wiaitel gray pumice (Gurioli et al.,
2005b), 1912 AD Novarupta (Alaska, USA) (Adams let2006), Makapu'u lava flows
(Hawaii, USA, Gurioli, unpublished data), Kilauda (Hawaii, Stovall et al., in prep.),
and Villarica (Chile) (Gurioli et al., 2008). To quide a useful value applicable to
experiments, 2D vesicularity was measured at thhdst image magnification used for
each individual study. This means that much likehi@ experiments, large bubbles are
often discarded and image vesicularity tends tdoleer than true vesicularity. Indeed,
Fig. A1 shows that while “image” and “true” vesiatities compare well at very high
values (i.e. >70-75%), image vesicularity tendsiholerestimate the true vesicularity at

lower values. The fitted"2degree polynomial curve is given in the main (&d. 1).
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Figure Al: Comparisons between vesicularities measurediinsictions {,) with those derived from

density measurementsZ{; ). Note the limited agreement between the datalamdrange 1:1 line.
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Despite the fairly good fit (R0.85), a typical spread of about +5—-10 % (mean
error=4.3% with $=3.08) is to be expected if the relationship isheoused to derive
“true” 3D vesicularities from 2D image fraction areneasurements. These uncertainties
most likely originate from the frequent non-sphityiof vesicles in volcanic pyroclasts,
and, more importantly, from the lower probabilitiyemcountering smaller objects when
performing cross-sections within samples (Sahagi@h Proussevitch, 1998). Although

difficult to quantify due to the lack of data &, <30% in Fig. Al, uncertainties will

inherently be much larger for samples with low vakirities (i.e. less probability of
encountering fewer large vesicles or numerous vemall ones), than for high
vesicularity ones. Hence, even if it is far fromrfpet, extrapolation of vesicularities
using Eg. 1 provides a better alternative than kimpporting 2D measurements of

vesicle area within experimental samples.
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CHAPTER 5. TRANSITIONS FROM STABLE TO COLLAPSING
COLUMN DURING THE 79AD ERUPTION OF VESUVIUS:
MECHANISMS INFERRED FROM TEXTURAL INVESTIGATIONS OF
PUMICE FROM PYROCLASTIC DENSITY CURRENT AND FALL
DEPOSITS.

To be submitted in its present form to BulletinVofcanology as Shea, T., Gurioli, L.,

Houghton, B.F., Cioni, R., Cashman, K.V., (2010).
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Abstract

The plinian column formed during the magmatic phes&@9AD eruption of Vesuvius
alternated several times between stable, buoyam$ipg convective regimes and
unstable, collapsing regimes. The pyroclastic dgr@irrents (PDCs) produced during
the latter transitions were responsible for mosmBRo deaths around the volcano. We
performed a full textural characterization of puengamples from multiple fall and PDC
deposits and found that vesicle textures are caabpmin both cases, preserving a full
spectrum of degassing and outgassing processes, udbble nucleation to collapse.
While vesicle textures show there is no fundameulifference in the kinetics of
degassing during the passage from fall to PDC-mrioduplumes, a combination of
phenomena are required to explain the transititresproduction of denser clasts through
increased shearing and outgassing at the condugfimsaultimately caused several of the
partial collapses (eruptive units EU2/3pf, EU3pEAJ)3pf3). Another partial column
collapse (EU3pfl) was generated by a combinatiomgif discharge rates and high clast
densities. Finally, the total collapse of the emgplume (EUpftot) occurred in response
to a widening of the conduit, and a last smaliditich PDC (EU3pfLith) was produced
as decompression rates waned. We propose a conddél that satisfies all the textural
and physical observations made for this phase efthption where lateral and vertical
vesicularity/density stratifications are producgdniaturing of bubble textures as well as
localized shearing of bubble-rich magmas, eventustipplying the plume with dense
clast end-members having lower vesicle number tienand vesicular clasts having

higher number densities.
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1. Introduction

Pyroclastic density currents (PDCs) are among tleadkkest hazards for
populations living around volcanoes, resulting irleast 59,000 deaths in the past 230
years, over 25% of the total number of victims frath volcano-related phenomena
(Blong 1984; Tanguy et al. 1998). They are gendrate several mechanisms including
dome collapse (e.g. Unzen, Japan in 1995; Nakada. €1999), lateral cryptodome
depressurization (e.g. Bezymianny, Russia in 1968%yshkov 1959) or complex
transitions from stable to collapsing eruption cohs during the course of highly
explosive eruptions (e.g. Tambora, Indonesia irb1&lgurdsson and Carey 1989).

Early one-phase steady-state numerical models wbtien column dynamics
suggest that dominantly buoyant plumes can partiall fully collapse following
increases in mass discharge rate (MDR) and/or naghitis, or decreases in exit velocity
and/or initial dissolved water content (e.g. Spaakd Wilson 1976; Wilson et al. 1980).
While this approach has been applied to severgitiens (e.g. Carey and Sigurdsson
1987; Sigurdsson and Carey 1989; Carey et al. 19B8)e is little knowledge of the
specific physical conditions that lead to columiiaggse. Discharge rates can increase as
a result of conduit/vent widening by erosion ortveall collapse (Walker 1981; Woods
and Bower 1995) or simply due to the tapping of mag with varying compositions and
physical properties (Carey et al. 1990). IncreaseMDR lead to a decrease in the
efficiency of air entrainment in the eruptive colurand, ultimately, to reduced overall
buoyancy and collapse. On the other hand, transititom volatile-poor to volatile-rich
magmas can occur when magmas of varying composif@md varying gas solubilities)

are tapped (Dobran et al. 1994, Neri and DobraMd)19& when the portions of an
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ascending magma body have been partially outgasbew-dimensional, transient
models (e.g. Valentine and Wohletz 1989; Dobraal.€t993; Neri and Macedonio 1996)
have demonstrated the occurrence of a full spectoinbehaviors between fully
collapsing and fully stable columns. Transitionalftilly collapsing eruptive columns
have been generated in numerical simulations byguparticles of multiple sizes (i.e.
where larger particles tend to segregate from thm plume and concentrate into flows,
Clarke et al. 2002; Neri et al. 2003), by applyiman-equilibrium exit pressure conditions
(Neri et al. 2002a; Di Muro et al. 2004), by ing®g microlite content (Neri et al.
2002b), or by modifying the opening angle of thentlerater (Esposti Ongaro et al.
2008). While these plume collapse mechanisms mayya some eruptions, it is
unclear whether they can be applied to the 79Apteyn of Vesuvius which switched
multiple times between fully convective, transitdrfully collapsing, and fountaining or
boiling-over behaviors. Sigurdsson et al. (198%gasted some of these shifts could be
caused by increases in magma discharge rate antpppvolatile-depleted magmas but
values for 79AD magmas (cf. Sigurdsson et al., 1988t far away from the collapse
threshold proposed by Wilson et al. (1980). Othedets illustrating the influence of
different particle sizes in generating PDCs maylyappt only offer a phenomenological
explanation; they do not provide any direct infotima on the causality of the changes in
the physical conditions of conduit ascent or fragtagon that produced the
modifications in particle sizes or density withihet plume. Belousov et al. (2002),
through measurements of clast vesicularity andtalirsity, hypothesized that transitions
in column behavior during the 1997 Bezymianny darptvere triggered by changes in

the density of erupted material, which were broughout by temporal variations in
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magma degassing and crystallization. Although t@ktuvestigations of clasts from the
79AD eruption were initiated by Gurioli et al. (ZH¥), the variations in ascent
parameters below the fragmentation level are Istitiely unknown, particularly during
unstable column phases. In this contribution, wriarthat temporal and spatial changes
in the style of degassing may have sufficed to gareseveral shifts in plume conditions,
and ultimately produced the multiple devastatingoplastic density currents that

destroyed the Roman towns around Vesuvius.

1.1. Generation of PDCs during the 79AD Vesuvius eruptio

In 79AD, Vesuvius produced the grandest, mostletnd destructive explosive
eruption of the past 3000 years of Somma-Vesu\wtisigy. This eruption lasted over 20
hours and deposited in excess of 3*kialense rock equivalent, Cioni et al. 2008) of
volcanic material around the Bay of Naples (Fig. Pafew hours into the eruption, the
feeding magma abruptly shifted from a phonolite atdephriphonolite composition,
emitting dominantly “white” then “gray” pumice (lér et al. 1973; Sigurdsson et al.
1982; 1985). During the course of the eruption, bledavior of the eruptive column
switched multiple times from fully buoyant to tramanal, fully collapsing and
fountaining or boiling-over conditions (Cioni et.,aP004). These phases generated
successions of fall and PDC deposits (Fig. laineer EU1-EU8 by Cioni et al. (1992)
(Fig. 1b). The same terminology is employed hers, for clarity, we designate PDC
units according to their inferred collapse styl@dftial Collapse” PC, “Total Collapse”

TC, “Boiling-over” BO, see below).
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The eruption started with an opening weak phaseljEldllowed by the rise of a
stable plinian column to heights of ~25 km (EU2a(€y and Sigurdsson 1987). During
the transition from white to gray magma, the esshleld column became partly unstable,
and the passage between EU2 and EU3 was markéxk Ipattial collapse of the column
margin and the production of the first PDC (EU2/3pre “PC1"), which took the life of
most Romans in the towns of Terzigno and Herculanéioni et al. 1992; 2000). A
fully convective plinian column was then restored the first 3-4 hours of gray pumice
fall (fall samples EU3base-EU3max) until the columsiifted back to a transitional
behavior, partially collapsing and generating aistethree PDCs (EU3pfl, EU3pf2 and
EU3pf3, here labeled “PC2, PC3” and “PC4” respetyiy that destroyed several
surrounding villas (Cioni et al. 2000, 2004; Guriet al. 2002). PC2 was produced
during the peak in discharge rate (sample EU3maberned by Carey and Sigurdsson
(1987) from column height, while PC3 and PC4 wesaggated as the column height
decreased (Fig. 1b). The eruptive plume fully dabred shortly after, forming a
radially dispersed PDC (EU3pftot, here unit “TCHat partly destroyed Herculaneum
(Gurioli et al. 2002) and reached Pompeii, probailing unsheltered people (Zanella et
al. 2007). The magmatic phase of the eruption (EUB) ended with the production of a
“boiling-over” fountain (i.e. a low column that wasever buoyant) that deposited a
poorly dispersed, massive, lithic-rich PDC (EU3plfl.ihere unit “BO”) (Cioni et al.
2004). The phreatomagmatic activity (EU4-EU8) s@rtwith the short-lived
reestablishment of a convective plume and depositioa thin fall blanket (EU4). The
collapse of this short-lived plume produced the imeaislespread, lethal PDC (EU4pf)

that destroyed Pompeii and took the lives of athaming survivors around Vesuvius
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(Cioni et al. 1992, 2004; Gurioli et al. 2005b).eThhreatomagmatic phase ended with
multiple PDCs generated by low fountaining (EU5,3EUEUS8), caldera collapse (EU6)
and column collapse, (EU7pf) (Cioni et al. 2004hisTpaper focuses only on the six
major PDCs generated during the magmatic phasieeoéruption, PC1 to PC4, TC, and
BO (Fig. 1b).

Early on, Lirer et al. (1973) noticed that the sition from white to gray pumice
is marked by an abrupt increase in juvenile clastsdy. Additional measurements by
Carey and Sigurdsson (1987) led them to hypothekaethis increase could be linked to
the change in column behavior during the erupti@arioli et al. (2005a) provided a
detailed investigation of fall units EU1-EU4, aslvas a nearly complete record of clast
density variations throughout the entire stratigsgpfurther substantiating a possible
relationship between column collapse and an inereasthe density of clasts in the
column. To test this hypothesis, we introduce neamstty measurements made on
pumice from each PDC of the magmatic phase, andpleonent them with a
comprehensive textural investigation. The comparisbnew PDC data with fall tephra
data from Gurioli et al. (2005a) sheds light on pinecesses that triggered the transitions

from convective to collapsing plume during thetfirsl5 hours of the 79AD eruption.

1.2. Pumice textures in Vesuvius 79AD deposits and dbealization

This work was in great part stimulated by our poesi textural investigations (Gurioli et
al. 2005 and Shea et al. 2009, 2010b), in whicHogased on vesicle and crystals from

79AD pumice collected within tephra fall deposits.
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Through comparisons between experimental and reganaples we deduced that
vesiculation had occurred continuously during asaein magma that produced fall
phases, and that decompression rates probablyesasisel during ascent, resulting in
increasingly vigorous nucleation. It was also notidt small-scale shear bands
containing deformed vesicles were present withimesg@umice clasts. Populations of
deformed vesicles within pumice from trachytic byalitic eruptions are often linked to
stress variations within the conduit during magreeeat (Heiken et al. 1978; Klug and
Cashman 1996; Marti et al. 1999; Polacci et al.12@D03; Mastin 2005; Wright et al.
2006). Tube or fibrous pumice clasts have extreretdpgated vesicles. They are often
found within deposits of highly explosive silicicuptions, and are commonly associated
with greater shearing of ascending magma alongubmalls (e.g. Polacci et al. 2003).
Smaller-scale, microscopic shear zones have alsp teported within rhyolitic pumice
(Wright and Weinberg 2009) and highly crystallinedesites with residual liquids of
rhyolitic composition (Sparks et al. 2000; Le Penre¢ al. 2001). Little is known,
however, about where these shear-zones form ioahéuit and how they evolve through
magma ascent to imprint the pumice textures wergbsa the surface.

The presence or absence of shear-localizationres<in 79AD pumice, together
with the continuous nucleation they experienceggsests different scenarios of bubble
evolution throughout magma ascent (Fig. 2). At theset of volatile exsolution,
decompression rates are slow, nucleation rateareand vesiculation is dominated by
bubble growth/expansion (Fig. 2a). Two divergingigalation paths are explored. In
both cases, nucleation intensifies throughout as@@alescence occurs as expanding

bubbles cause the thinning of melt films, and bebbtbnnectivity increases until gas
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escape becomes possi In the first scenario (Fig. 2b to e), thagma is not affected k
shear localization along conduit wallVesicularity reaches peak vall when most
bubbles have coalesc before gas is able to escape. Oneetigl outgassin¢occurs,
vesicularity decreas. In the second scenarithe magma is aected by small shear

zones (Fig. 2b’ to e’).
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Larger bubbles are more deformed by shearing amdagidly forced into coalescence
within the shear zone. While undeformed zones dettiie shear area start to coalesce,
bubbles may be fully connected within the shearezallowing partial outgassing, and
resulting in a decrease in vesicularig. the areas outside the shear zone still expadd an
coalescence, vesicularity increases and reachesnmexvalues. A second collapse and
outgassing event unaided by shear may finally offéigr. 2d’) causing a new decrease in
the magma vesicularity. These two examples offeglinpse of some of the
complications that may ultimately be frozen witlpamice clasts during fragmentation:
lower vesicularities are not necessarily associatél early stages of degassing (and
thereby lowNy) and a comprehensive spectrum of vesicle sizespeshand numbers
needs to be described in order to decipher thestagdergone by individual clasts. Note
that throughout this contribution, we refer to ‘om& textures as textures that contain
substantial evidence of high vesicle connectivityqugh coalescence) and/or collapse.

Shea et al. (2009) demonstrate that the numeraggdemicrophenocrysts (~20-
30 um) present in all clasts of the 79AD eruptitratggraphy did not form during fast
ascent like plagioclase in magmas of other composit(e.g. Mt St Helens, Geschwind
and Rutherford 1995). Rather, they crystallizedrdpmitial slow decompression of the
reservoir and/or during storage. Their texturalrabteristics argue for a thermal zoning
of the upper reservoir containing the white magBd]l being stored at slightly colder
conditions than EU2 prior to the eruption.

Aside from the crucial information on the mechargsmsponsible for transitions
from stable to collapsing columns that the studywedicle and leucite textures within

pumice from the PDC-producing phases of the eropbifers, we are presented with a
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unique opportunity to validate degassing and chyztion models proposed previously

for the 79AD eruption (Shea et al., 2009; Shed.e2@10b).

2. Methods
2.1. Textural characterization

Characterization of pumice textures from PDCs wasied out following Shea et
al. (2010a). Briefly, samples of a few hundred 26a3m juvenile clasts were collected
for each PDC unit, and the largest hundred wereectsd to perform density
measurements. Density histograms were producedglasts representative of the mode,
the low and the high end-members were chosen. Masittes were calculated by mass
balance using individual clast densities and valoiesnagma densityy=2600 kg rit
(Barberi et al. 1989).

Thin sections made from selected clasts were imagety a scanner and the
scanning electron microscope (SEM), using magriboaof 5%, 25x, 100%, and 500x% to
cover a range of vesicle sizes of 0.00lL <10 mm. In this fashion, for each thin section,
a total of 15 images were acquired. The latter wsezl to derive vesicle size distribution
(VSD), vesicle volume distribution (VVD), and nunmbagensity per unit volume melt
(Nv) via MatlatP-based “FOAMS” (Shea et al. 2010a), based on dteg®al conversion
methods by Sahagian and Proussevitch (1998). esiginber densities can provide
essential information on the style of ascent anidwalthe derivation of magma
decompression rates (Toramaru 2006). In pumiceleation is often inferred to be

continuous throughout ascent (e.g. Blower et a012lug et al. 2002; Gurioli et al.
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2005; Shea et al. 2010b); hence the total numberesicles measured within a clast
reflects a range of nucleation periods. Becauseawe to utilize number densities to
derive maximum decompression rates experiencedgascent (see below), totsl,
cannot be used because a cumulative rate is caduldo avoid this problem, we
preserve only number densities calculated in the inge 0.01-0.001 mm to capture the
decompression rates corresponding to the final estagf rapid ascent prior to
fragmentation. These number densities are labdlgtb denote their correspondence to
only the final accelerating portions of the asqeath.

Because leucite crystals are ubiquitous within 79¢#ducts and may provide
valuable information on magma storage and ascamtitons (Shea et al. 2009), crystal
volume distribution (CVD) and leucite number dengit.c) were also acquired through

FOAMS, under the justifiable assumption that leesghapes are nearly spherical. All

corr

vesicle and leucite number densities are normaliazedielt volume (NJ°", N&™", NS,
Table 1).

Lastly, a new program module (FOAMS was utilized to measure glass wall
thickness between vesicles. The algorithm idemtiftesicles, finds the coordinates of
their centroid, and counts glass pixels within dibat connect the centroids of two

vesicles.
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Table 1: Textural properties of both fall and PDC samptesifthe 79AD eruption.

sample  ¢° o° N, € Ny °%  dp/dt® A" Xeon® Lecon  Vaws  Nyac
% (g cm’3) (mm’a) (mm’s) (MPa s’l) % % % (mm’3)

EU1 fall 14-1-1  81.4 0.48  (4.7) 2.8x10° 0.38 343 6.1 220 115
14-1-10 75 0.87  (3.3)3.3x10°  5.5x10° 0.40 4.03 41 18.0 170 3.1x10"

14-1-52 621 098  (8.3)8.0x10° 0.66 385 58 140 277

EU2fall  15-2-11 834  0.41 (13) 11.3x10° 0.98 339 41 13.0 10.9
15-2-3 77 0.60  (16)15.2x10°  17x10° 1.13 357 6.1 140 156  46x10°

15-2-5 709 076  (17) 16.0x10° 1.15 3.67 5.4 17.5 20.5
EU3base  12-8-29 769 0.6 (7.9) 7.1x10° 7.78 3.21 3.5 28.7 15.7 19x10*
12-8-13 645 0.92 (2.7) 2.4x10°  5.0x10° 3.17 3.14 6.2 21.2 25.8 15x10*
12-8-37  50.1 1.3 (2.2) 2.0x10° 2.35 356 6.0 193 373 29x10*
EU3max  12.9-42 674 085  (7.0)6.4x10° 6.63 3.8 34 17.7 257 7x10*
12-9-16 59.6  1.05  (6.7)6.4x10°  7.0x10° 6.20 341 37 208 305 23x10*
12-9-37 522 124  (4.9)4.7x10° 4.65 3.6 36 351 297 32x10*
EU3top  20-1-31 80 0.52 (13) 11.7x10° 11.53 3.34 5.0 22.3 14.6 25x10*
20-1-4 72 0.72 (14) 12.2x10°  10x10° 11.07 3.44 9.0 34.6 15.8 19x10*
20-1-05 557 116  (6.5)6.2x10° 5.83 352 43 359 265 11x10*
EU4fall  12.10-10 828 045  (12)10.4x10° 11.10 342 70 40.7 9.0 32x10*
12-10-27 73.1 0.7 (9.7) 8.8x10°  8.2x10° 8.89 355 43 336 167 24x10*
12-10-15 624 098  (7.4)6.9x10° 6.74 357 59 284 247 17x10*
EU2/3pf  26-15 779 0.57 (5.7) 4.9x10° 319" 4.01 5.4 28.4 14.6 17x10"
26-1-7 708 076  (7.3)6.8x10°  85x10°  3.77% 349 48 159 232 gox10°
26-1-11 679  0.83  (11)10.6x10° 5.01" 386 53 211 236 11x10*
EU3 pfl 27-119 837 0.42 (12) 10.3x10° 10.95 3.47 8.0 17.5 12.1 18x10*
27-1-30 662  0.88  (4.3)3.7x10° 438 377 68 178 255 13x10*
27-1-22 606 102 (7.2)65x10°  8.3x10° 6.29 400 41 270 272 17x10*
27-1-44 526 123  (6.7)6.2x10° 5.70 401 72 328 284 16x10*
EU3pf2 28132 741 0.67 (9.3) 8.4x10° 8.45 3.81 5.0 18.4 19.9 18x10"
28-1-12 67.6 084  (7.006.3x10°  7.4x10° 6.59 378 59 161 253  s53x10°
28-1-1 528 123  (8.8)6.0x10° 5.54 377 55 348 282 24x10*
EU3pf3 19121 74 0.68 (11) 9.7x10° 9.55 3.58 7.7 24.2 17.7 19x10*
19-1-4 679 0.83  (10)8.7x10°  9.3x10° 8.08 362 72 323 194 20x10*
19-1-10 519 125  (9.9)9.7x10° 7.72 379 48 250 338 14x10*
EU3tot  21-1-52 824 0.46 (17) 12.7x10° 12.75 3.56 8.5 35.6 9.8 44x10*
21-1-10 734  0.69  (9.1)8.4x10°  8.0x10° 8.55 349 71 26 187 14x10*
21-1-2 581  1.09  (5.0)4.3x10° 4.46 354 7.2 229 293 18x10*
EU3 lit 22-4-8 775 059  (5.3)4.4x10° 5.53 357 6.7 234 157  45x10°
22-4-17 33 174  (4.2)0.4x10°  3.4x10° 0.60 395 55 428 346 47x10*
22-4-35  62.1 0.99 (3.7) 2.2x10° 2.84 3.96 5.3 27.2 25.6 5.1x10*
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2.2. Vesicle connectivity

Vesicle connectivity provides first-order infornti on the outgassing potential
of the magma near fragmentation (Klug et al. 202st and Cashman 2004), providing
that vesicle walls were not broken by clast tramsgoring the eruption or during sample
collection and preparation. To test whether fght@ and PDC deposits show differences
in vesicle connectivity, a total of 17 large (8 cm) EU2 and EU3 pumice clasts were
collected, along with 16 PDC pumices from EU3pftéimices were cut into cubes of
easily measurable volume, and bulk density wasutatled both by cube dimensions and
by methods of Houghton and Wilson (1989). Connecatesicularities (Table 2) were
obtained using He-pycnometry, following procedudescribed in Formenti and Druitt

(2003) and Giachetti et al. (in press).

< (p. 172)

a. Clast vesicularity

b. Clast density

c. Vesicle number density for vesicles <0.01 mm noizedl to sample glass content. The total numberiyens
including all vesicle sizeN\*°" is reported in parentheses.

Vesicle number density normalized to sample glassent extrapolated tx100=70% vesicularity

Decompression rate calculated from vesicle numbesities and formulations of Toramaru (2006)

Exponents derived from best-fit power law curvehivitNy>L plots

Crystal content of non-leucite phases (micropheysist-phenocrysts) normalized to glass

Leucite content normalized to glass content

Volume of glass after vesicularity and crystal emts have been removed.

Leucite number density normalized to glass content.

Values of dP/dt for EU2/3pf are displayed for natien parameters intermediate between a 900°C piteno

(EU2 end-member) and a 1050°C tephriphonolite (Eb@member), assuming the two magmas were mixed at

this transitional stage.

T Toae oo
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Table 2 Pumice connectivity data obtained from He-pycntamemeasurements.

Pmeltrcrystals Pouk” % 15 ¢ Poonn’” % 1o Pisol © Yo

EU2 fall 2550+15 kg it

Kilal 2554 79.71 0.44 79.59 0.42 0.12 0.86
Kla2 2538 81.95 0.43 82.23 0.35 -0.29 0.78
Kia3 2564 78.68 0.46 78.59 0.71 0.09 0.46
Kla4 76.60 0.58 71.74 1.04 4.86 1.61
Kla6 83.54 0.49 82.00 0.66 153 1.15
Kia7 85.89 0.41 85.20 0.74 0.69 1.16
Kib1l 70.23 0.83 63.89 1.27 6.35 2.10
K1b2 80.26 0.57 70.17 0.76 10.09 1.33
EU3fall 2620+10 kg it

K2al 2606 75.52 0.51 75.57 0.29 -0.04 0.80
K2a2 82.75 0.41 83.57 0.27 -0.82 0.69
K2a4 64.42 1.03 64.24 1.44 0.18 2.46
K2a5 75.99 0.49 77.04 0.68 -1.05 1.16
K2a6 77.01 1.00 75.49 1.47 1.52 2.47
K2b1l 2617 66.59 0.76 69.01 0.59 -2.42 1.36
K2b1bis 56.43 1.00 57.57 1.64 -1.14 2.63
K2b2 62.79 0.84 63.51 0.81 -0.72 1.64
K2b3 62.08 1.24 64.90 1.33 -2.82 2.57
EU3PDC 2620£10 kg rit

K3al 69.67 0.89 70.96 0.90 -1.30 1.79
K3albis 73.91 0.57 74.41 0.52 -0.49 1.08
K3albis2 66.53 1.36 67.62 1.27 -1.10 2.63
K3albis3 77.14 0.55 7757 0.47 -0.43 1.03
K3a2 2622 70.64 0.65 71.67 0.46 -1.03 1.12
K3a2bis 72.49 0.64 73.74 0.67 -1.25 1.31
K3a2bis2 72.59 0.64 73.59 0.57 -1.00 1.21
K3a2bis3 74.49 0.71 75.68 1.04 -1.18 1.76
K3a3 69.06 1.08 69.66 0.94 -0.60 2.02
K3a3bis 68.99 0.67 70.03 1.53 -1.04 2.20
K3a4 2616 62.08 1.00 60.38 0.78 1.70 1.78
K3a4bis 61.49 1.61 61.76 1.61 -0.27 3.22
K3a5 2621 70.96 0.60 71.74 0.41 -0.78 1.01
K3a6 58.39 1.19 57.42 1.00 0.98 2.19
K3a7 70.28 0.78 71.33 0.68 -1.05 1.45
K3as8 70.02 151 67.90 1.52 212 3.03
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< (p. 174)

a. Density of powdered samples (i.e. glass+crystabggared by pycnometry. A few samples were meadared
ensure that density was similar throughout, andvamage value was adopted for the rest of the pumic
measured.

Bulk vesicularity.

Standard deviation on the vesicularity measurement.

Connected vesicularity.

Isolated vesicularity.

Pooco

2.3. Decompression rate calculations

Vesicle number densities depend strongly on magropepties such as surface
tension (melt-vapor and crystal-vapor) and volatiféusivity, as well as on the timescale
available for vesicles to nucleate (i.e. decompoessate) (e.g. Hurwitz and Navon 1994,
Toramaru 1995). If magma properties are known, cleshumber densities can be
translated directly into decompression rates. AsMourtada-Bonnefoi and Laporte
(2004), Cluzel et al. (2008) and Shea et al. (2pibis conversion is achieved by using

the equations presented in Toramaru (2006):

=34X o %a,a,?, 1)

whereX, is the initial water concentration at the satwmatpressure, andr,, a,, a,

represent dimensionless parameters (Toramaru He9ised as:

_ 160y
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_ kTX,DP, 4
dP‘ ’

dt

3
4T ou

where k is the Boltzmann constan®,, is volume of water molecules in the melt taken
as 2.6x13° m®, Py is initial pressure, ancK, is 4.9 wt% and 3.5 widthe white and

the gray magma respectively (Cioni et al. 1995,8198oni 2000; Larsen 2008; Shea et
al. 2009, 2010b). The temperatiraés set at 850°C for EU1, 900°C for EU2, 975°C for
EU2/3 (PC1), and 1050°C for all other gray magmadpcts. For similar magma
compositions, the water diffusivitl) depends primarily on temperature and dissolved
water content in melt (e.g. Zhang and Behrens 200&)sen (2008) and Shea et al.
(2010b) used values of 2x1bfor the 79AD white magma (i.e. EU1 and EU2). Fue t
gray magma, we use values of 281’ s an order of magnitude higher, to account for

the temperature difference and the lower initigDHontents (e.g. Watson 1994). These

diffusivity values assume water saturation at tmgéail pressure X, =4.9 wt% and 3.5
wt% for the white and gray magmas, respectivelypwelver, the values ofNg™"

replaced withNycac in Eg. (1) to derivedP/dt only represent the small vesicle
populations, and thereby the last stages of nuoleaBecause a fraction of the initial
water was used for vesiculation of earlier vespipulations, the diffusivity values need
to be modified to account for this. Thus, in aluations, the initial pressure and water

contents need to be set at values correspondirigtéestage nucleation. Because we
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possess measurements of porosity for each vesmdecategory (i.e. through FOAMS
outputs), we can calculate the predicted wateresdrdt a given porosity by rearranging

the equilibrium model presented in Gardner et1l890):

Xe =X, L’ (5)

ng (1_ ¢7)

where X, and Xg are initial water content and final water contahtporosity ¢, Z is
molecular weight of wate, is the molar volume of water in the vapor phase,zthe
magma density. For each measured clast, we use@adlosity value obtained by
summing the contributions from all vesicles witzesL > 0.01 mm to deriveXg. The
latter value replacesX, in Equations (1) to (4). Newtial pressuresP, were also
calculated usingXs based on solubility models experimentally calibdatey Larsen
(2008) for the white magma, and calculated from itteecro H20OSOLvX1 by Moore
(2008) for the gray magma. Typically, calculatedewaontentsXr were ~2 wt% lower
than the initial pre-vesiculation values of 3.5 ahl wt%. Hence, to mimi® vs. HO
relationships measured in other magmas (e.g. Wdt86d; Zhang and Behrens 2000),
diffusivity was lowered by a factor of ~5 to accotor the lower water content.
Because nucleation is inferred to be heterogeneoi®AD Vesuvius magmas

(Larsen 2008; Shea et al. 2010b), we replagg,, in Eq. (1) by an “effective” surface
tension o that incorporates the activation energy reductemm ¢, expressed as
O =9"%0,o, (Cluzel et al. 2008). Since bubble nucleationtisrgly controlled by

the presence of tiny oxide microlites.. is set at 0.035 N thfor both the white and

the gray magma, similar to values found by Mangad Sisson (2005), as well as by
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Mourtada-Bonnefoi and Laporte (2004) for dacitesd &y Shea et al. (2010b) for
phonolites.

After all necessary parameters were obtained, sust@P/dt vs. Nycac Were used
to determine the decompression rate that best edbshor measured in natural samples
from both fall and PDC phases of the eruption. |ager EU2/3pf (transition from white
to gray pumice),dP/dt (Table 1) was calculated using both intermedicaues of

diffusivity and temperature and properties of wiaitel gray magma, individually.

3. Results
3.1. Density variations throughout the magmatic phasetted 79AD
eruption

Juvenile clast density histograms obtained for lfallhand PDC samples (Fig. 3)
reveal several key features of the magmatic phb8ed@9AD stratigraphy. First, pumice
samples EU1 and EU2 show narrow, unimodal distieingtwith low density mode®
600 kg m®) while samples from the gray pumice layers haveewidistributions and
modal densities that are commonly shifted towardghdr values. Second, there is a
tendency for distributions from gray fall layers maaintain a nearly constant modal
density aroung ~ 700 kg i throughout the stratigraphy, while PDC samplesnanee
variable both in modal density and breadth of distion. The transitions from fall layers
EU2, EU3, EU3top, to subsequent PDC samples PCB, PC4 all correspond to
increases in both modal clast density and in thendéance of mean and high density

clasts.
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In contrast, the transitions from EU3max to partial collapsposit PC2 and frol
EU3top to TC (total column collapse) depart frors ttiend, having either comparal
density distributions (EU3t-TC), or higher density modes for fall samples (EW@3-
PC2). Finally unit BOis very different from the other samples «isplays the broadest

and most complegistribution with ghigh proportion of clasts @f > 1200 kg .

Percent of total clasts
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EU4 | Figure 4: Variations in density
displayed as fractions of lo
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There is a general tendenfor the fraction of dense clasts presentPDC
deposits to increase compared to fall v (Fig. 4). For examplethe fraction of clasts

with p > 800 kg it reache 70-98% of total clastsiiPDC deposits PC1, PC3, PC4 :
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BO. In contrast, most fall phases are marked bpgntions of clasts witlp > 800 kg ri#
of 0-35%. TC is the only deposit that does notoiwlithis tendency, with 45% low
density clasts. As in density histograms, EU3magxads from the general tendency with

subsequent PC2 deposit containing a slightly Idwastion of dense clasts (Fig. 4).

3.2. Textural observations

Vesicles:Certain textural features are recurrent within éméire series of PDC
samples. Small vesicles (ile< 50 um) are typically round, medium-sized vesicles (50 <
L < 200um) are round-to-irregular in shape, and large Vesi¢. > 200 um ) are both
fairly irregular and slightly elongate (Fig. 5).dfn low to high density clasts in each
PDC, glass walls become thicker (in to 100um in the case of BO), large vesicles
progressively disappear and vesicle shapes becoone mregular and elongate. The
presence of retracted walls within low density tdasiggests most large vesicles suffered
at least some degree of coalescence. The influehcealescence appears to increase
with increasing clast density; vesicle shapes becamore complex, broken glass
extremities appear increasingly rounded, and thiamssy walls disappear entirely,
indicating bubble collapse has occurred. More d$ipadlly, in high density samples (i.e.
low vesicularity), glass walls tend to thicken P&id TC; medium and large vesicles
also become less abundant. Within high densitytclaé the last PDC sample (BO),

numerous tiny vesicles remain, while medium toeargsicles have disappeared (Fig. 5).
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High p — 100X magnification High p — 500X magnification Low p — 500X magnification
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Figure 5: Selected 100x and 500x SEM images of PDCs assdoaidth partial column collapses PC
PC3, the total collapse T(and the last lithigich low velocity PDC BO. High and low deity end-
members are shown for comparison. Clas-4-17 is the only one in our sample sets that con
microlites of plagioclase and sanidiin addition to usualeucite microphenocrysts. Note the colla
textures in high density clasts and the thi absent glass walls associated with bubble exparesiol
coalescence in low density clasts (compare with B
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In comparison, low and modal density clasts ardyfaimilar in appearance among
PDCs, with low density PC2 and TC end-members shgwhe highest proportions of
large vesicles.

A striking feature observed in most pumice clagisoughout the eruptive
stratigraphy is the recurrence of combinationsefs#, vesicle-poor bands (Figs. 6a, 6b,
6e, and 6f), trains of irregular (Fig. 6¢), andéwngate (Fig. 6b) vesicles, and smooth or
abrupt transitions from rounded to sheared vesifffégs. 6d and 6e). These features
appear in nearly all clasts, and their distributtoes not seem to follow any particular
pattern other than they appear more numerous hehigensity clasts. Nonetheless, even
in low density populations, on the scale of onetclaeveral sub-millimetric dense bands
and vesicle trains can be observed (Fig. 6a). Withfew dense bands, populations of
numerous tiny vesicles also appear to have esapekind of deformation (Fig. 6f).

Crystals: Leucite crystals are present within all samplewg.(B5) and visually
seem to preserve similar sizes throughout the P&flience. Sanidine, clinopyroxene,
amphibole and mica phenocrysts are also presentgthin lower proportions. The glass
phase is typically clear and contains mostly oxndierolites (Fig 7). BO is the only
imaged clast suite that contains sanidine and @iégge as groundmass microlite phases.
In the high-density clast, sanidine appears asrédisdOum crystals whereas plagioclase

has more tabular 20-50n (long axis) habits (Fig. 5).
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Shear bands

Vesicle train -

Dominantly sheared
vesicles

—

Dominantly rounded
vesicles

0.5 mm

Figure 6: Shearzones and bands in 79AD pumice clasts. (a) Scatiedection from a high vesiculari
(~80%) fall clast fom EU3base with tens of shear bands and vesidmmaénts. (b)lmage of a low
vesicularity (~68%) clast from PC1 with combinasoaf dense bands and elongated vesicle train:
Train of nonelongate vesicles displaying irregulmargins (bottom) near smaller train of elongate
vesicles (todeft) in a high vesicularity (~74%clastfrom PC4. (d) Progressive transition from undefat
vesicles (bottom) to increasingly sheared vesigtlgs) in a high vesicularity (~77%) pumice from B@)
Shear band observed RC4 (vesicularity~52%). This sheareone encloses some rnants of collapsed
vesicles, and has been repopulated by smallerlgssidote the irregular vesicles on, and the abrupt
transition to the sheamne. (f) Dense bands in fall pumicU1 alternating with high vesicularity zone¢
Again, smaller round vesicles are present withie #hear bands. In images (c) and (e), elor
phenocrysts shown in green appear aligned withr-zones or vesicle trains.
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Figure 7: 500x SEM
image of sample 19-1-10
from PC4 showing clear
glass full of tiny oxide
microlites that served as
nucleation sites for
bubbles during magma
decompression.  Several
grains are enlarged to
show the relationship
frequently  encountered
between vesicles and
oxides.

3.3. Textuml measuremen

Vesicle volume distributior VVDs from selected low anmodal density PDC
clasts (Fig. 8)ary little throughout the EU3 phase of the eruption. The dantimode
in vesicle size remains at -35 um (equivalent diameter) for the entire P and fall
succession. Almoda and low density pumicehow extended distribution tails towal
large vesicles (positesrskewness), arsome posseg®ssible secondary modes of lar
(i.e.L > 200um) vesicles (e.g. ~4-8, 21-1-10, 19-1-4, 27-9}. In contrast, high densi
clasts have distributions thavary significantly from the base to 1 top of the
stratigraphy. Egluding TC, highdensity clasts from PC1 to Bhave distributions that
progressivelybroadel, and distribution amplitudethat decrea (i.e. lower kurtosis).
These distributions also become more irregulartiqudarly towards small and mediu
vesicle poplations. BO illustrates the extreme case of thédtgon with a ragge
distribution shape possessing no “-defined mode, as well as much lower p
frequencies.The high density PDC pumice associated with thal tobllapse of thu
column (TC) departs om this trend of increasing distribution complexityith a

distribution similar to PC1 and most modal denslgsts
185



33.0%

l HIGH

I~ (=)

o & =

hi - i
-

o~

™~ ™~ =24

= o= £

- —| = o

o™ o r~

[{=] [ [(=]

<
o
- i o 2
- b - -
o & : : &
~ - Y N ~
-2 -8 2 -8 =
5 3 & =& &
o~ N N o« ~
=5 ~ I~ @ I~
|

o o ~ & o ts)

< it - - - -

o — o o0 N ©

N o = N o N 1000

008t
008}
004t
002t
0.08f
006t
004f
002t

04t
008t
008}
004t
0.02
008l
006f
0041
0.02f
008}
0.06f
004t
002t

(=]
[LOVH4 JWNTOA

VESICLE DIAMETER (mm)
186



< Figure 8: Vesicle volume distributions for the six main PDieposits of the magmatic phase.
Distributions are shown for low, modal and high slghendmembers. Dashed lines mark the dominant
modes. Size distributions for high density clastsshown in the background of distributions obtdifar
modal density clasts, and distributions of modaistd are reported with distributions for high dbnsi
pumice for comparison. Jagged distributions in highsity clasts mark the influence of bubble caliap
and outgassing. From low to high density clasiz distributions show loss of medium and largealesi

Globally, from low to modal density clasts, distiiltons show progressively a
disappearance of large and medium size vesiclesiram modal to high density pumice,
distributions lose medium vesicle populations mypostl

Cumulative vesicle size distributions$SDs measured in PDC and fall pumice are
all curved; consequently, CVSDs are typically pnefd since they also provide useful
information on nucleation behavior (e.g. Bloweakt2001). Most CVSD curves on log-
log plots follow similar trends with simple powexw behavior from 0.01 to 2 mm (Table
1), and a curved exponential-like behavior for demalesicles.

Vesicle connectivityConnected and bulk vesicularities (Fig. 9, Tableobey a
straightforward 1:1 relationship for nearly alllfahd PDC clasts measured from the gray
magma phase of the eruption. Hence, vesicles wghay pumice are for the most part
interconnected. The white pumice clasts from EU2je slightly from the 1:1 trend as
lower vesicularity samples show a significant pmipo of isolated vesicles (5-10% in
volume). Higher vesicularity EU2 clasts, like EUSIfand PDC pumice, appear entirely
connected. However, as the numerous very smalthessi< 0.01 mm) comprise less than
1-2% of the total volume, our data do not provid#fisient resolution to determine the

connectivity of the small vesicle population.
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a0 Figure 9: Vesicle connectivity plot
8 EH% F:” obtained from  H-pycnometer
measurements. Allgray pumice
= EU3 pdc Q p samples and over half of whi
=in) pumice clasts plot on the 1:1 arr:
o) implying tha their medium and
large vesicles are fully connecte
@C%;‘ Three samples from EU2 show
L ’ larger fraction of isolated vesicle
[JT?' particularly in high density clast
L . Dashed lines represent lines of ec
| fraction of isolated vesicle

e b
4
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Vesicle number dens: Vesicle number densities are referenced to the

fraction (Ng") to correct for volume changes because of gas ekparWe observed,
nonetheless, thagray pumice clasts haveN;" values that vary systematically th

vesicularity even after normalization (Fig. 108)o examine variations in mean num|
density throughout the stratigraphy, we normali Nj" to a common vesicularity
70% (Ny5, , Table 1 and Fig. 10 by fitting graight lines througtNg" values obtained
for the high, modahand low density clasts from each sar. Using a normalized valt

allows us to compare between the different unit8endvoiding the intrinsic relationsh

between vesiculay and number density. V also reportedNy" for all clasts to

illustrate the range of number densities preseatsimgle unit

188



Idealized strat. height

Highp
Mean p O
- Norm,, €p
Lowp O
EU3 max
5 ©White
= ¢ Grey EU3 base
& . : o
L0 EU2
]
20 40 60 80 100
Ves. U
1 3 EU1 PR B «
108 108 107 0.1 1 10
N,ege, (MM dP/dt (MPa s )

corr

Figure 10: (a) Variations in vesicle number densitNy“°" throughout the stratigraphy. Inset shohat a
relationship between number density and vesicylakists for mosigray pumice clasts whereas wh
pumice shows no well defined behavior. (b) Evolutiof decompression rates calculated to m
measurednumber densitic. Due to differing composidns and propertiesmainly temperature and
diffusivity), thewhite magma nuclees higher numbers of vesicles at lower decompressitesr For laye
PC1, kinetic properties of the phonolitic magma 2Bkhite) result in decompression rate ; those of the
tephriphonolitic magmaggay) yield “C”, and intermediate values give “B”. Thick red linesrks the
evolution of average valu, while dotted envelopes show the entire range. @wbgircles are averay
values.

NS increases strong from EU1 to EU2, reaching a maximum of 1.7 x’ mm?®

(Table 1). Nj5; decreases at the transition between white gray pumice PC1, then
increases slightly from EU3base to TC in both éEposit and PDC samples. Only L
BO displays ignificantly lower number densities (3.4X%énm™). Low density gray

pumice clasts also show a slight increas N/ with time, peaking at PDC pumice T

Values of Ny in high density pumice, which are typically lowthan those measured
lower density clasisremain constant throughout EU3 after an initiatréase fron
EU3base to the first collapse PC2. Interestindigse trends are reversed in EUL, E

and PC1, where high density clasts have hiNy" than low density clasi
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3.4. Evolution of decompression rate during the magmptiase of the
eruption

Due to different magmatic properties (i.e. mainly and melt composition),
decompression rates inferred for the white magreararch lower on average than those
obtained for the gray magma (0.4-1.2 MPa/s andl@.8-MPal/s respectively, Fig. 10b,
Table 1). Note that for PC1, decompression ratésuleded using magma properties
intermediate between white and gray end-membetsb&tiveen values of EU2 and
EU3base. Inferred decompression rates are initiallyat ~0.5 MPa/s during EU1, and
increase to ~1.1 MPa/s during EU2. Much higherrnefé decompression rates of 2.3-7.8
MPa/s are reached during initial eruption of graggma (EU3base). Peak values of
~12.8 MPa/s are calculated for the low density memof TC, while BO suggests

diminished rates of decompression.

3.5. Crystal textures

Leucite number densitiedlycor-ic Values (Fig. 11a) measured in white pumice (cf.
Gurioli et al. 2005a; Shea et al. 2009) reach ~08xim* and are typically lower than
number densities from gray clasts. Within gray merdeposits (PDC and fall samples),
Ny’ values stay within one order of magnitude but slaotwo-fold increase from PC1
to EU4 (12x16 mmand 24x16 mm?® respectively, values averaged over
low+modal+high density clasts, Table 1). No obvi@asrelation is observed between

leucite number density and clast vesicularity.
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Leucite sizeFor brevity, only dominant modes of leucite volumetributions are
shown (Fig. 11b). Leucite modes in Plclastsinvestigated show a small but noticea
size increase throughout the eruptive stratigrapttgm the bottom to the top of t
succession, average sizincrease from 2um to around 3@5 um by the end of the
magmatic phase, implyin¢-10 pm total growth.

Crystal volume fractic: As expected from the modde increase in size al
number(Fig. 11a and b), the m-referenced leucite content (Figure 11c) also irses
throughout the magmatic ple of the eruption, from 137% for EU2 and EU1, to abo
35% within EU4, although there is a wide range aicite content foleach unit. In
contrast, phenocryst and microphenocryst conteletscifes excludeddo not show
significant changes ov the investigated eruptive phases. Importantly, there is
substantial difference between fall units from graymagma and PDC units in terms

crystal content, size or numk

Leucites @® O—O0—= ﬂ ﬂ
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ot——= @© b—Oo0—F— <
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lesicularity b —w
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Figure 11: Textural data for leucites and other crystals. Namber densities, ( modal sizes, and (c)
resulting volume fraction. Leucites tend to conérforming during the eruption, while other phasey
mostly constant.
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4. Interpretation

The following paragraphs give first order interpteins of the textural data measured
from fall and PDC units. We elucidate whether magteasity variations could have
played a part in the formation of PDCs, and attetaptclarify how these density
variations were brought about within the conduititigrpreting vesicle textures (vesicle
appearances, sizes, numbers, connectivity, gladk thiaknesses). We invoke the
potential role of shear localization in decreasihg vesicularity of magma, and try to

explain the meaning of the variations in crystafimbserved.

4.1. Pumice density

Variations of clast density throughout the entiragmatic phase of the eruption
(EU1-EU4, Gurioli et al. (2005a) and measuremerdgsein) reveal some consistent
changes during transitions from fall deposits taCPIhits. Most PDCs sampled contain
clasts that are, on average, denser than pumid¢enwdll deposits (Figs. 3 and 4) and
their distributions are broader with coarser téils. positive skewness). In comparison,
fall layer EU3max has a higher fraction of densastd than subsequent PC2, and TC
shows density histograms indistinguishable from tnfal samples (i.e. mode at~ 700
kg m®, narrow distribution with no coarse tail). To ssfiorder, density is thus a viable
candidate for partial destabilization of the erv@tcolumn and the ensuing production of
PDCs, although there is a need to elucidate whyctiiemn could stay stable during
eruption of EU3max prior to PC2. Furthermore, ateraktive mechanism for the

formation of TC (total collapse of the column) mbstinvoked.
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4.2. Vesicle textures

Qualitative observations of vesicle shape and igzeal that clasts from PDCs in
the gray pumice differ only slightly from fall ckssinvestigated previously by Gurioli et
al. (2005a). Low and modal density clasts from P(s display a subpopulation of
large vesicles (coarse tails within distributioRgy. 8), thin glass walls (Fig. 5), extensive
coalescence, and trains of sheared or non- tdyightared vesicles. High density PDC
samples show an increasing thickening of glassswhtbugh time (i.e. from PC1 to BO,
Fig. 5) and increasing evidence of partial bubld#apse (cf. Fig. 5, and high density
VVDs in Fig. 8). In general, vesicle textures wittPDC pumice are similar to those in
fall samples, and textures reflect the vesiculaofythe imaged clasts more than their
stratigraphic location or depositional origin.

White EU1 and EU2 pumice have textures that argndisfrom those of gray
pumice. Bubble collapse textures were detected witlyin narrow (i.e. 0.1-0.5 mm)
shear zones in EU1 and EU2, whereas they occuribatiear zones and in undeformed
areas in EU3 high density clasts. Measurementsasgdhickness (Fig. 12a) also confirm
that both fall and PDC samples have undergone phakse&oalescence and collapse.
Initial glass thickness can be calculated from tii@l vesicle number density & =

(3/4n N\‘}"”)”3 (Lyakhovsky et al. 1996). In high vesicularitye(i.>65%) pumice, the

calculatedS, is typically thicker than the glass thickness mead, suggesting that

expansion has stretched bubble walls.
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Figure 12: (a) Glass wall tickness vs. vesicularity in fall and PDC samplesacBlcrosses represe
calculated initial wall thickness from number deiesi. The thick array is the best fit through thesesses
the array width representing the typical standadation in thicknes. Data located to the upper left of -
array have stretched vesicle walls and high veaiitids (i.e. bubble expansion and coalescence
positioned to the lower right show thicker wallsdldaower vesicularities (i.e. bubble collapse). Rowe-
law exponents from CVSD curves. To a first orderhhigicleation rates produce high exponed>3).
Second order variations (d<4) cannot be attributed solely to intense nuabeafi.e. lack of correlatio
betweerd andNy.o in the inset). Rather, ccescence processes tend to increase the participetiarger
vesicles thus reducing the slope/expo, while bubble collapse increases the exponent. Assalt, PDC
samples ttypically haveigher exponents suggesting more mature vesicteres
In contrast, glass walls in low vesicularity pumice aruch thicker than values predic
for initial glass meaning that the latter sampiksly underwent outgassing by collap
All clasts show powelaw relationships for most of the measured sizege
(Table 2). This behavior probably reflects contimsimucleation of bubbles during asc
(e.g., Blower et al. 2001) although it also repr¢sea geometric constraint on higl
vesicular samples (e.g., Klug and Cashman 2002yek-law exponents for thdifferent
fall and PDC samples (Fig. 12b) obtained from Hdgtithe coarser part of the cun
(0.01-3 mm) liebetween 3.3 and 4, well above the value inferredAfmllonian packing

(d ~ 2.45). Higher exponents can be obtained by isangahe small vecle populations
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(i.e. through intense nucleation), and/or by desirgpthe number of medium-to-large
vesicles (i.e. through coalescence and collapsefadt, exponents higher than 3 are
extremely common in tephra from highly explosivaions (e.g. Gaonac’h et al. 1996;
Klug et al. 2002; Adams et al. 2006) because tlypycally produce clasts with high
vesicle number densities. Thus, nucleation rate® Vileely to be high in 79AD magmas
to generate values af > 3, both during eruptive phases producing futgbke columns
(EU1-EU4 fall, Gurioli et al. 2005a) and during gka generating PDCs. In detalil,
however,d is typically higher during PDC phases £ 3.7-3.9) than in fall-producing
phases d ~ 3.4-3.5) with the exception of TC, which hds/alues that resemble fall
samples, and EU3max, which has an elevatg®.8). These high exponents are not
directly correlated to vesicle number densitieg (ERb), hence supporting the alternative
explanation, which is that PDC samples have suffar®re vesicle loss by bubble
collapse than fall samples.

Analysis of vesicle connectivity within fall deptsifrom the white (EU2) and the
gray (EU3) magmas compared to PDCs (EU3pdc) suggiest vesicles within pumices
produced by the eruption are for the most part eoted. EU2 is the only unit containing
clasts that display a high proportion of isolatezbivles (Fig. 9). These observations
agree well with textures being in earlier stagevediculation in white pumice than in
gray pumice. As coalescence begins, connectivitgrisnoted and magmas lose their
isolated vesicles. Note that maturing of high dgnelast textures in Figure 8 removes
medium and large-sized vesicles from the distrdyutiSmall-vesicle populations are

unaffected, which explains why pumice samples caintain high vesicle number
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densities (controlled mostly by small vesicle peapioins) while being nearly fully
connected in terms of vesicle volume fraction.

PDC vesicle number densities compared to thoseallgbiimice EU3base, EU3top
and EU4 show moderate variations overall (Fig. 1B@ymalized N5, values increase

slightly throughout the sequence containing they gramice, and show no change at
transitions between fall units and PDC depositghHiensity (low vesicularity) clasts in

EU3 times typically show lower number densities eptcfor BO, where the low

vesicularity end-member has even lowel,". The positive correlation between

vesicularity and number density throughout gray jgendeposits favors a scenario in
which vesicular magma experienced more vigorousleation than less vesicular
magma. Interpreted in terms of decompression (&igs 10b), this phenomenon can be
explained as follows: zones of higher density/lowesicularity within the ascending
magma column are decompressed more slowly thanszoh®wer density. Spatially,
this means that there must be a specific conduifigaration or process allowing a
horizontal density gradient to form. We later arg¢jue such zoning develops through the
combination of velocity gradients and resulting ashlcalization within the ascending
magma. Note that the overall decompression curleeleded for the magmatic phase of
the eruption (Fig. 10b) seems to correlate welhwestimates of column height variations
(Fig. 1b) until the generation of PC2. Column heidfnen decreases while number
densities increase moderately.

The ubiquitous incidence of dense bands and t@fingegular/elongate vesicle

trains within pumice clasts (fall+PDC, Fig. 5) segts that shearing occurred within the
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conduit during magma ascent. The diverse texturdgate different responses of the
deforming magma to applied stresses. Less obvibaarmg textures include vesicles
that are progressively deformed, for which sharfpreation boundaries are difficult to
define (Fig. 6d). On the other hand, some densardads show abrupt transitions from
undeformed to intensely sheared bubbles (Fig.I6ehany cases (Figs. 6e and 6f), small
vesicles seem to have nucleated within the densd. behis implies that at least some
shear zones had formed prior to the last nucleagi@nts. Vesicle trains also exhibit
textural variations with “type 1” being fairly elgate with smooth outlines (Fig. 6b) and
“type 2" displaying more equant shapes with irregubutlines (Fig. 6c). Possibly,
deformed bubble trains could result from shearinquced coalescence while more
equant trains could be generated by heterogenadusebnucleation and growth along
inactive (i.e. “healed”) shear zones. Interestinglgnse bands and bubble trains can
occur together at the clast scale (Fig. 6b), suggeshat narrow shear zones can be
active within a small portion of the magma at difet stages. Based on the various
textures and their distributions within 79AD pumidasts we propose a formation cycle
for shear zones (Fig. 13). Initially, the preseontea lateral velocity gradient within the
conduit (i.e. maximum velocity at the center, miomat both conduit margins) leads to
the formation of numerous millimeter-scale sheanez These zones first appear as
domains where equant vesicles become progressileftymed on the scale of a few
mm. As shearing progresses, these zones narrowhartdansition between undeformed
and deformed bubbles becomes more abrupt. Vesiokeforced into coalescence within
this narrow zone and may form elongated trainsc@aescence progresses, connectivity

increases until exsolved gases are able to esgapelble collapse along the deforming
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zone. Shear zones now appear as dense, \-poor bands that may end up undergc
further vesiculation (i.eas indicated by thpresence of numerous tiny vesicles) or |

and progressively disappe

Texture type ——p Progressive shear Bubbfe train type 1 Dense bands

Dense vesicular Bubble train type 2

bands
Process =P Shear-zone Shear-induced Shear-induced Shear stoppage, Shear-zone healing,
develops coalescence collapse, continued nucleation  vesiculation along
cutgassing scar

Fig. 6a b, e Fig. &f Fig. 6c7?

Trains provide preferential deformation surfaces

Figure 13: Hypothetic model for formatior evolution and demise of sheamwnes. Vesicles are drawn
according to their elongatioland the shape complexity commomlserved is not depicte Connected
points A and B mark thdeformation profile within the three first sketc. Different texturs are displayed
along with the process responsible for their foiomatas well asFig. 6 examplis. Shear-localization
initiates within a zonea fewtens of vesicles in width. Larger bubbles are mmadily deformed an
coalesce as shear continu«Coalescence continuesntil bubbles are connected and gases es
Collapsed bubbles form a dense band with lineatinasking thir prior presence. If shear delocalizes i
stops, the bands can heal and nucleation contilesg the preferential weakness zonéeill available,
bubbles may expand along lines forming undeformesicle trains. These trains can in tiserve as new
preferential sites for she-localization and favor new outgassing cycles (kdmew) It is possible that
healed shear bands couwdtso provide sites for nucleation and growth of new Hablthat may er up
aligned in nordeformed train:

4.3. Crystallization of leucites and other pha

Leucite crystals increase in s, and somewhat in number throughout
magmatic phase of the eruptiono change was observed between leucite size
number at the transition from fall pumice to PDGtsinThere is also a lack of correlati
between leucite number density and vesicle numeesity (and thereby decompress
rate), providing strong evider that leucites in the gragnagma did not form durin

ascent. The same conclusion was first suggeste@unoli et al. (2005) and late
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confirmed by Shea et al. (2009) for leucites withive white magma via laboratory
decompression experiments. Hence, following theehptbposed in this previous study,
leucites nucleated in the magma storage area glpoitir to and during the eruption (i.e.
as overlying magmas were progressively being tappeunbst likely during a slow
decompression phase before entering the condué. fatt that leucites are found in
slightly greater numbers and sizes as the erugirogresses simply reflects the longer
time spent in the storage region prior to accalemaduring decompression.

Finally, all pumice clasts from both white and gphases of the eruption contain
oxide microlites which probably served as nucleasdes for bubbles (Fig. 7) (Shea et
al. 2010b). The only other microlite phases (sam@dind plagioclase) are found only in
the last PDC of the magmatic phase, BO (Fig. 5gifTlnique presence within this unit
supports a model in which certain portions of tregma ascended slowly and/or stalled

within the conduit for an extended time period argstallized both phases. This

hypothesis is supported by the lowe{" value measured for this particular sample (BO

high density, 22-4-17).

5. Discussion
5.1. Bubble nucleation, growth and maturation cycles hwit 79AD

magmas

The comparison of vesicle texture data from bothdad PDC deposits within
the white and gray pumice units of the magmaticsphaf the 79AD eruption indicates

that there is no fundamental difference in thegadsing behavior. In both the phonolitic
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white magma and the tephriphonolitic gray magmaleation was influenced by the
ubiquity of tiny oxide microlites within pumice de&s. These crystals, particularly
magnetite, play a significant role in reducing thegree of supersaturation needed to
trigger nucleation (Hurwitz and Navon 1994; MoudgBlonnefoi and Laporte 2002;
Mangan and Sisson 2005; Cluzel et al. 2008). Expsnts involving decompression of
EU2-derived melts by Larsen (2008) and later byaSéteal. (2010b) demonstrated that
heterogeneous nucleation occurs within phonolittgmas at 79AD eruption conditions
(~0.25 MPa/s), and even at much higher decompresates (3-17 MPa/s). Judging from
the omnipresence of titanomagnetite within gray jgenfFigs. 5 and 7), we postulate that
heterogeneous nucleation dominates during degassitigg 79AD gray magma as well.
A simple calculation using Eq. (1) shows that exteedecompression rates on the order
of 90-100 MPa/s are needed to produce the bubbigeudensities measured in EU3
pumice if values of surface tension for homogeneaudeation in phonolites are applied
(o1om~0.09 N m', lacono Marziano et al. 2007). Using surface tmsialues that
assume heterogeneous nucleation, peak rates ¢attéite the gray magma (~13 MPa/s)
are still high for natural eruption conditions (eguent to 500 m/s assuming a lithostatic
pressure gradient). Thus, we cannot entirely disthae possibility that disequilibrium
degassing and some degree of homogeneous nuclezipihave taken place during the
final stages of vesiculation prior to fragmentatiand that the values calculated represent
“effective” decompression rates. Further decompoessxperiments on gray pumice are
required to verify this hypothesis.

As in the white magma (cf. Gurioli et al. 2005a)pble nucleation does not occur

as one or a few pulses but is sustained duringhasC&' SDs obtained in both PDC and
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fall pumice from white and gray magmas are bestrilesd by power-law relationships
with exponents greater than 3. Hidhvalues testify primarily to high nucleation rates
(e.g. Blower et al., 2001), and, to a second oritethe maturing of vesicle textures, as
medium to large bubble populations are lost dueditapse and outgassing. While the
type of nucleation (i.e. heterogeneous) and thatdur of nucleation (i.e. continuous)
were comparable throughout ascent of EU3 fall au@ BEDC parent magmas, important
differences exist in the respective proportion lakts that exhibit mature vesicle textures
and higher densities. PDC pumice systematicallywshdigher exponents than fall
pumice, except for the TC sample. In the absence difect correlation betweehand
Nveorr (Fig. 12b), the high exponents in PDC magmas atdichigher numbers of
“mature” clasts with lower vesicularities (Figs.aBd 4) compared to fall units. Still,
taken individually, both PDC and fall clasts exhilmature textures and glass walls that
thicken with increasing clast density (Fig. 12agnide, the transition from fall-to-PDC-
producing columns was not triggered by radicallffedient degassing processes within
the conduit, but rather by the changing relativeopprtions of different
density/vesicularity end-members in the conduitliasussed further below.

The absence of measurable proportions of isolaésithkes within pumice from
both fall and PDC phases of the gray magma comparéd)2 samples (Fig. 9) implies
that medium and large-sized vesicles in the gragmaa developed quasi-complete
connectivity. The development of connected vesithesugh diffusive bubble growth,
expansion and coalescence depends on the reldpobstween the decompression
(rae=APIAL), the diffusive £5=L%/D), and the viscous relaxation timescalgg=4u/Po),

whereA4P and4t are the total decompression and total ascent tinepubble radiusD
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is diffusivity, g is the initial melt viscosity, anB, the initial pressure (Lensky et al.,
2004; Gonnerman and Manga, 2007). For a bubble $ygecal of the range measured
for coalescing vesicles in EU2 and EU3 samples @0 um in radius, c.f. Fig. 7),
diffusivities used in previous calculations, meoosities of 1&and 16 Pa s for EU2
and EU3 respectively, initial pressures of 100 MRafind that generallygec> 7g4it > 7vis

for the gray magma, meaning that degassing ocduegjlibrium conditions, whereas
for the white magmauqir > 74ec > 7vis IMplying that the time needed for diffusion of
volatiles may be greater than the time availablediEcompression in the case of larger
bubbles. Thus, degassing would prerably occur gitraenhanced nucleation rather than
diffusive growth by the time bubbles reach cersiges in the white magma. In turn this
behavior would lead to the production of more matuextures with enhanced
connectivity within the gray magma compared to Wigite, which is confirmed by
pycnometry measurements (Fig. 9).

Interestingly, Klug and Cashman (2002) found thedt€ Lake pumice from fall
phases of the Mazama eruption had higher conngctivan PDC pumice, which is in
stark contrast with pumice from the 79AD erupti®hey interpreted their data to reflect
less time for bubbles to grow and for connectivity develop during PDC phases,
ultimately resulting in lower vesicularities at dgraentation. In 79AD pumice, PDC
phases typically possess high fractions of demsstsland more mature vesicle textures
reflecting prolonged ascent times compared todathice. Hence, it appears that both
prolonged and abridged ascent paths can producéeriglensity clasts after

fragmentation and trigger the destabilization &f &nuptive plume.
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5.2. Leucite crystallization

Leucite microphenocrysts within the 79AD pumiceswsmoderate increases in
size and numbers throughout the magmatic phaseaMizk increases by merely 5-10
um from PC1 to BO (Fig. 11b). Leucites in the whitagma were inferred by Shea et al.
(2009) to have crystallized during slow decompi@ssif the magma chamber less than 5
days before the eruption. Data for the gray maggr@eawell with the latter model:
leucite crystals increased only slightly in sizel mumbers due to increased holding time
spent within the decompressing chamber. If minimemtite growth rates of 70mm s
determined by Shea et al. (2009) can be appliede@ray magma, it would have taken
~14-20 h for leucites to grow an additional 5@d from EU2 to the end of EU3. Note
that this value is slightly higher than the timéemval determined by Sigurdsson et al.
(1985; 1989) for the time between EU2 and the begmof EU4 (12 h), which is not

surprising considering the growth rates are mininvaes.

5.3. The role of small-scale shear zones within the adnd

Within 79AD phonolites, no tube/fibrous pumice ttaare found, but evidence of
deformation prior to fragmentation is ubiquitousth® form of mm-scale planar features
(cf. Fig. 6). Our proposed model for the formatiminthese textures involves phases of
shear-initiation with wide zones of progressive idlesdeformation towards the shear
zone, then thinning by increasing bubble coalesseacd collapse (Fig. 13). The
presence of shear zones and bands depicting ditfstages of this process within a

single clast, suggests continuous strain locabraind transfer: whenever a shear zone
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vanishes and heals, stress is transferred to fomava shear zone nearby. Trains of
undeformed vesicles may even form within areas edldéd shear bands, and further
provide new slip surfaces if deformation continu&s.noted by Wright and Weinberg

(2009), important feedback processes are expestedcur during the evolution of shear

zones. At the early stages of strain localizatieesicles are dominantly equant and
possess low capillary numbe&a:ﬁ << 1 (whereL is bubble radiusy is strain
o

rate, us is shear viscosity ane is melt-vapor surface tension; Rust and Manga 2002
Llewellin et al. 2002), thus opposing significaasistance to the surrounding stresses. As
vesicles are shearedCa values increase and bubbles increasingly accommoda
deformation by free slip. The combination of bubbkformation and shearing-induced
coalescence enhances viscosity reduction alonge tebg surfaces, and shear-zones
become narrower, accommodating increasingly highein rates. As vesicles become
interconnected within the shear-zone, permeahiléyelops and outgassing through the
newly created pathways can occur. Once shear zangesesicle-free, stresses will be
transferred nearby to create new slip bands anahitied shear zone will effectively heal.
New, undeformed vesicles can then subsequentleateclvithin the dense, healed zones.
Marti et al. (1999) noted that shear zones appeamagmas of various
compositions. While their occurrence in phonolitemfirms this, there may be some
non-negligible differences in strain-localizationechanisms that are dependent on
magma composition/viscosity and crystallinity. Htipetically, more viscous magmas
like rhyolites or rhyodacites would tend to develapger-scale, wider zones of shear

resulting in the formation of tube or banded punes. Polacci et al. 2001), whereas
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less viscous phonolites would experience the faomabf numerous narrow zones that
accommodate variations in ascent velocity withia ¢onduit. However, tube pumices of
trachytic composition fairly similar to Vesuvius giolites were also found in the
Campanian Ignimbrite (3-5% more Si@nd 1-2% less alkalis in the trachytic ignimbrite,
Polacci et al. 2003), hence composition alone caaxrplain the presence or absence of
larger shear zones. The main difference betweenatter two pumices is their crystal
content; Campanian pumice contains less than 5%tatsy whereas 79AD pumice
contains 20-40%. In the case of the rhyolitic Raasagumice, Marti et al. (1999)
suggested that garnets acted as dislocation pdaaiitating propagation of shear
movement. Leucites could potentially achieve thenesaeffect, facilitating shear
propagation and ultimately resulting in the formaatof more numerous but thinner shear
bands. This view agrees well with the formatioriudfe pumice from the crystal poor (i.e.
<10%) Mt Mazama rhyodacitic magmas (Klug et al. 20®ut opposes the finding of
numerous homogeneously foliated pumice clasts extivoy crystal-rich (40-50%)
magmas with rhyolitic melt compositions at PinatulBlacci et al. 2001). Thus, the
combined effects of crystals and melt propertieshsas viscosity probably need to be
taken into account in the formation of shear zohdsile physical and numerical models
that investigate conduit shearing have already igiedl the formation of wide shear
zones during ascent (e.g. Mastin 2005; Hale andhduid 2007), future models that
include space-time variations of ascent velocg numbers, viscosity and crystal
content for different magma types could help elatadvhether the density and the width

of shear zones can be correlated with crystalliaitgt viscosity.
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5.4. Conduit model for ascent and vesiculation of thaD@ray magma

We have deduced that degassing processes werngaiglaimilar throughout PDC and
fall samples from the gray magma phase of the emupthat more dense clasts are found
within PDC deposits, that shear zones appear irt puosices, and that decompression
rates generally increased but varied little frori fa PDC. Furthermore, the overall
negative correlation observed between clast deasityvesicle number density supports
slower decompression of higher density clasts. gdtber, these observations require a
conduit model that accounts for both decompressaes and density variations. If we
assume that collected pumices acquire their fieature during fragmentation (e.g.
Houghton and Wilson 1989; Klug et al. 2002), themarying magma
densities/vesicularities were acquired within tleaduit below fragmentation. Here, we
propose that the range of clast densities measuitboh deposits from the various phases
of the eruption correspond to both spatial and teaipdegassing variations within the
conduit (Fig. 14). In EU3 units, low density clasgsult from fragmentation of magma in
the central section of the conduit, where decongwestimescales were shorter (less
time for maturing of textures), and where largesioles suffered less shearing-induced
coalescence and collapse. The Mgk and decompression rates measured within these
clasts reflect their central position in terms bé tvelocity profile across the conduit.
Conversely, high density, low vesicularity pumiceuld be produced by fragmentation
of more marginal magma. The lower decompressiossreg¢corded within these clasts
argue for their more peripheral position as aseeldcities are expected to be lower, and
residence times longer. The abundance of smalessfa¢ar zones within high density

pumice, as well as the presence of collapse textomtside shear zones, suggests that
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coalescence and collapse have occurred to a geedtt in high density samples. The
occurrence of variations in the relative proporsioof low, modal and high density
magma throughout the eruption can be accommodatelebprogressive build-up near
the margins of denser zones, as well as changge itepth of fragmentation. Changes in
the extent of lateral density gradients througtetcan explain adequately the production
of eruptive plumes with varying proportions of dendasts. The formation of dense
zones favors dominantly stable plumes, while tlearthg and eruption of these zones
favor partial destabilization of the column by adglidense clasts into the system. Such
cycles of build-up and clearing of denser magmddctaad to the production of multiple
partial collapses such as PC2, PC3, and PC4 (B)g. 1

In addition to temporal density variations by fotioa of lateral vesicularity
gradients, as magma travels upwards within the wiozbnes of denser magmas become
thicker from the margins towards the center, crgptiertical density gradients as well.
The PDC generated during the total collapse otdiemn (TC) involved very few dense
clasts (cf. Fig. 4). According to our model, if tagma is fragmented a greater depths,
the denser margins are narrower and, overall,desse magma is tapped. Hence, it is
likely that the fragmentation level was deeper wigiproduction of TC (Fig. 14). This
assertion is well supported by the provenance tbiclicomponents in the deposits:
Barberi et al. (1989) found that most units corgdircarbonate lithics of relatively
shallow origins (~1.5-2.5 km), but found marbldsares and cumulates of deeper origins

in deposits corresponding to TC and subsequent EU4.
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< (p. 207)Figure 14: Conduit model during eruption of the 79AD gray mmag Denser clasts produced
with low vesicle number densities typically origieafrom fragmentation of the slower-moving outer
portions of the ascending magma, while lower dgngitmices are generated by fragmentation of the
faster-decompressing central portion. Both matuofhigubbles unaided by shearing and forced matwfng
bubbles by shearing contribute to forming thesesdenarginal zones. Temporal variations in the éxién
these dense zones explain the inclusion of higtestibns of dense clasts during partial collapsésle
combinations of changing fragmentation depth amtiozd build-up of dense zones adequately expla@ t
production of TC and BO. Zoomed insets show theaitdetf how shear-zones affect the magma density by
inducing bubble coalescence and collapse. A coneéptot of density, vesicularity, decompressiotesa
number density and number of shear zones variatiithslateral position in the conduit is shown helo
Variations with conduit and how vesicle number dges are associated with the velocity profile irepd

by shearing. Note that the horizontal scale forabeduit sketches is greatly exaggerated and thradugt
radius increases from EU3base to BO as calculat@dble 3.

In stark contrast with TC, unit BO has a complexl &xtremely broad density
distribution with a high fraction of dense clasfhis could imply that the magma
travelled more vertical distance and had enougke tonbuild-up wider dense zones. The
fragmentation level, during production of BO, woulthve therefore been much
shallower. The longer timescale available for matuof bubble textures is reflected by
the generally lower decompression rates calculadédn clasts from this unit (Fig. 10).
Additionally, sanidine and plagioclase microlitesere found only in this deposit
suggesting stalling or extremely slow ascent ireast some of the densest material
involved in BO. Only lithics of shallow provenan¢el.5 km?) such as lavas and other
volcanic rocks are found within BO (Cioni, unpubksl data), reinforcing the idea that
fragmentation occurred closer to the surface tharing TC or the other PDCs. As
fragmentation deepened during TC, some magma mag lbeen left around the conduit
margins and crystallized sanidine and plagiocla®Ben the fragmentation level rose
after TC, some of the fresh ascending magma mag kkeared the dense, degassed,

microlite-rich magma (Fig. 14).
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While this general model seems to be applicabléae¢ogray pumice phase of the
eruption, the end products of vesiculation and adnshear may have been different
during eruption of the white pumice. In EU1, EURd&PC1 clast densities/vesicularities

are not as well correlated with vesicle number diess low density clasts show the

lowest Ny values in both EU2 and PC1 (Fig. 10). Due the nemaved nature of the

white magma compared to the gray magma, in additmrthe large temperature
difference, the timescales of decompression, diftugrowth and viscous relaxation
were likely fairly different resulting in more comem vesiculation histories, and the

formation of different temporal and spatial densidgyiations.

5.5. Mechanisms responsible for transitions from statwe collapsing

eruptive columns

During the magmatic phase of the 79AD eruption, ¢bimn collapsed at least five
times, either partially (PC1, PC2, PC3, PC4) or pletely (TC). The sixth PDC
investigated herein (BO) was likely produced byolapsing jet or fountain (Cioni et al.
2004). Here, we attempt to link some of the paramseproposed as causes of column
collapse (i.e. conduit radius and magma dischaatge variations) with other properties
(i.e. clast density, vesicle number density). iaoiss in the pre-eruptive water content
dissolved in the melt during the course of an eomphave also been postulated to affect
strongly the stability of columns (e.g Neri and e 1994). For instance, cooling or
decompression-induced crystallization can causevdbagile content in the residual melt

to increase. Ultimately, the increase in dissolwader enhances the stability of columns
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by increasing exit velocity at the vent (Neri et 2002b). We consider that this is
probably the case at Vesuvius since the crystéthzaof additional leucites from
EU3base to BO (increase from 20-25 to ~35% in velynif anything, would have
increased the residual water content and favoredoattmation of a stable column. On the
other hand, leucite crystallization during the slal@compression of gray magma
probably affected the bulk viscosity of the magralie 3, Fig. Al in the additional
material). Bulk viscosity during the transition finovhite to gray magma was dominantly
controlled by temperature differences between thygeu thermally stratified portion of
the chamber (EU1l and EU2 magmas) and the lower gragma. In contrast, from
EU3base to EU3 top, viscosity slightly increasee ¢t crystallization which may have
somewhat affected rates of magma degassing.

As initially suggested by Sigurdsson et al. (198%¢reases in magma discharge
rates (MDR) could potentially explain the globalifsifrom dominantly convective to
collapsing plumes. Based on calculations of coluheight (Fig. 1b), Carey and
Sigurdsson (1987) derived MDR values that showangtincrease from ~7xikg s’
during EU1 to ~1.5x10kg s* prior to PC2 (Fig. 15a, Table 3). Subsequentlyabee
column height calculated from inter-PDC fall unitscreased after PC2, their values of

MDR also decreased to ~?1Kg s* after PC3, and to ~1&g s’ after TC.
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Table 3: Summary of main eruptive parameters adopted fodifierent phases.

White magma Gray magma References

Parameters EU1 EU2 EUBase-max EU3p
PMAGMA 2520 kg n? 2550 kg ri? 2625 kg ri? 2625 kg n  This study
™ 840°C 900-925°C 1050°C 1050° CCioni et al. (1995, 1998, Shea et al. (2009)
Xerystals 23.3% 20% 28.3% 37% Shea et al. (2009), This study
At P=100 MP4
T 3.4x16G Pas 1.5x1d 2.4x16 8.6x1G  Shaw (1972)
Umecsb 3.0x16 1.0x16 4.0x16 8.0x1G  Lejeune and Richet (1995)
,um+c+b2 4.0x10 2.0x16 4.2x16 9.0x16G Mangan etal. (1998)
At P=15 MPa
Umic 1.3x16 3.2x1¢ 4.2x16 7.9x16
Umecsb 3.0x1d 8.0x10 1.0x1G 3.0x10
Umecsb 5.0x10 1.0x1G 1.0x1¢ 2.0x1d
Deonduit 35m 40 m (43) 50 m (51) 65 mMastin and Ghiorso (2000), Neri et al. (2002b)
MDR 7x10 kg s'? 2x10 1.4x16 8x10 Carey and Sigurdsson (1987)
Vexid 145m& 160m& (185) 141 m3$(156) 138 m$  Mastin and Ghiorso (2000), Neri et al. (2002b)
H,O" 4.5-6 Wt% 4.5-6 Wt% 2.7-35Wt%  2.7-3.5 wt%Cioni et al. (1995), Cioni (2000), Larsen (2008)
Sio, 54.91 (0.26) 55.41 (0.38) 54.73 (0.48)  54.88 (D.3&ioni et al. (1995)
TiO, 0.31(0.14) 0.26 (0.11) 0.54 (0.05 0.56 (0.0Garsen (2008)
Al,03 22.30 (0.23) 21.97 (0.45) 19.36 (024) 18.57 (0.46)ea et al. (2009)
FeO* 2.16 (0.13) 2.90 (0.38) 4.60 (0.33) 4.81 (9.26
MnO 0.24 (0.08) 0.24 (0.12) 0.14 (0.01) 0.13 (0.01)
MgO 0.23 (0.03) 0.65 (0.07) 1.60 (0.31) 2.31(0.41)
CaO 3.11 (0.22) 3.69 (0.25) 5.35 (0.30) 5.87 (0.63)
Na,O 6.22 (0.19) 5.32 (0.21) 4.49 (0.29) 4.26 (0.42)
K,0 9.89 (0.42) 9.17 (0.39) 9.04 (0.14) 8.37 (0.64)
P,Os 0.09 (0.04) 0.12 (0.05) 0.18 (0.03) 0.23 (0.03)

a. Vesicle-free magma density obtained by He-pycnoymmtrpowdered samples (cf. Table 2).

b. Magma temperature

c. Total crystal content (microphenocrysts+phenocjysts

d.  Magma viscosity . is viscosity of melt+crystal$yn.c.p_ is viscosity of melt+crystals+bubbles assuming
bubbles hav€a<1, tiy.c.t? i Viscosity of melt+crystals+bubbles assuming besdhaveCa>>1). Calculations
were performed for pressures of 100 MPa at lowadud conditions and at 15 MPa, near fragmentdgoal.

e. Conduit diameter, f. mass discharge rate, andigvebocity. Values of conduit diameter and exitogty were
computed using Conflow (Mastin, 2005). For comgarjssalues calculated by Neri et al. (2002b) fer T9AD
eruption are shown in parentheses.

h. Dissolved water contents, and major oxiddyaea normalized to 100 wt% (dry).

i Deposits EU3base and EU3 max are lumpedthegédere since their chemistry or crystal contsrdbout the

same.
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The models utilized to calculate MDR, however, assua sustained plinian
column and any mass/energy loss from the producid?DCs cannot be accounted for.
Hence, Carey and Sigurdsson’s estimates of MDR Idhbe accurate until PC1 but
progressively worsen (i.e. underestimate) as mdpCs® were generated. In fact
maximum decompression rates trends follows cloB#DR values up to PC1 and then
deviate, continuing to rise while MDR decreaseg.(Ri5a). Hence, we propose that
MDR did not necessarily decrease after PC1 duilmegeruption but, rather, that values
may have continued to slightly increase, paralietiecompression rate behavior.

Overall, for the four parameters considered heengdy, mass discharge rate,
conduit diameter, decompression rate), several gwtibns of collapse mechanisms can
be considered for the different transitions (Fig).1
- Mechanism A, density: transitions from fall depqdiases to partial collapses PC1,

PC3, PC4 Compared to the fall samples that precede thdd? (EU3base, EU3top
respectively), these PDCs all contain higher foatiof dense clasts (Fig. 15b), and
were therefore derived from magmas that possesseer Wdense” zones of less
vesicular magma within the conduit (Fig. 14). Vésicumber densities and inferred
decompression rates for fall and partial collapB¥CPsamples stay rather constant
except for the shift from white pumice (EU2) to graumice PC1 (cf. Fig. 10). An
increase in the proportion of mean and high dermd#sgts could thus have altered the
dynamics of the rising plume, and caused the passam a stable to transitional (i.e.
partially collapsing) column. We cannot completéigcard the idea that the decrease
in dissolved water content during the shift fromite@ho gray magma (PC1) may have

played a role in the generation of a transitior@duin by decreasing exit velocity.
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Even so, bothlyray and white eruptive phases experienced extendeddseaf stable

convective plume with likely constant volatile contents; thus thededhat the

mingling of thegray and the white magmas resulted in dissolve,,O contents and

favored column collap: are low.

Mechanism B, density and discharge rate combimadsttion from EU3max to PC

MDR increases abruptly from EU2 to EU3 (from  to 1@ kg s?) and then much

more gradually from EU3base to EU3t
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If, as stated above, MDR mimicked decompressioa bathavior and continued to

rise, partial collapse PC2 was produced durinditeepeak in discharge rate (“Peak
1” in Fig. 15a). In contrast, decompression ramsEU3max were lower than for

PC2, suggesting that perhaps MDR was low enougfisapoint to allow clasts in the

column to efficiently mix with atmospheric air anduse buoyancy. When the MDR
increased, this was no longer the case and thencopartially collapsed. Therefore,

in this case, density increases during EU3max &b@ fimes may have combined

with the abrupt increase in discharge rate duri@g B partly destabilize the eruptive
plume.

Mechanism C, discharge rate increase and condulieming combined: transitions

from fall deposit EU3top to total collapse T contrast to partial collapse phases,
pumice clasts sampled within TC do not show evidarfcstrong variations in density

(Fig. 3). An increase in mean density clasts wasenked (Fig. 4 and Fig. 15b) but,

overall, the proportion of high density pumice imitar to fall samples EU3base,

EU3top and subsequent EU4. In contrast, decompresates increase from PC3 to
TC, and reach the maximum value measured (~13 MPg/s15a). If discharge rates

followed the same pattern, then the total columiapee could have been partly
caused by the second, highest peak in MDR. In iaddiit has been shown that the
lithic content increased from EU2 to EU4 (Barbdriak, 1989), suggesting that by
EU3top times the conduit had been significantlydedy thereby increasing in

diameter. Calculations of conduit diameter variagiousing the conduit model

Conflow (Mastin and Ghiorso 2000), together withe tltonstraints given by

decompression rates yield dimensions of 35-65 m f&dJ1 to EU3top (Table 3, Fig.
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15b). Several authors (e.g. Cioni et al. 1992) hale® shown that by EU4, the
conduit had been further enlarged and the uppeiopsrof the reservoir regions had
begun collapsing. Hence, the total collapse of éneptive column was likely
triggered by the combination of peaking MDR and emithg of the conduit walls.
Minor increases in modal and high density clasttiom compared to other fall
deposits may also have aided in generating ingiabiin the eruptive column but are
probably much less significant than in previousesas

Mechanism D, density increase and conduit widemiognbined: generation of low
energy collapsing fountain and B@his PDC was generated at the very end of the
total column collapse phase and contains the hidreetion of dense clasts measured
with a very broad pumice density distribution (Efg. 3). The high lithic content of
this deposit (70%, Cioni et al. 2004) implies thgt BO times, the conduit had
broadened significantly, though MDR was waning. @epression rates calculated
for this unit are still fairly elevated (4 MPa')s but represent the lowest values
measured in all PDC samples (Fig. 15a). In sumhtfle content of dense juveniles
and lithics, coupled with the enlarged conduit @tallp combined to generate a small,
fully collapsing low energy plume which was rapidiianneled and traveled only
short distances from the vent (Cioni et al. 2004he very dense clasts £ 1.2 g cm

% with sanidine and plagioclase microlites withhist unit were probably formed
during prolonged residence within the conduit nasgiNewly ascending magma
may have entrained this part of the magma colunpietlsd in medium and large
bubbles. The latter would then have further vesimad, forming numerous tiny

bubbles during accelerating ascent.
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6. Conclusions

Peaks in proportions of dense clasts occurred gdoar out of the six transitions
from fall-to PDC-producing columns. Assuming thaipce textures from this eruption
were frozen at or near fragmentation, these peaike the question of which conduit
processes could be responsible for the increasavenall density, and in cases where
density peaks were absent, which other processed msult in the destabilization of the
eruptive column.

Pumice textures, in particular vesicle size distitns and number densities,
illustrate that all EU3 magmas underwent similaraggs of degassing and partial
outgassing, but that the spatial and temporal &xdénhese processes may have been
different: the formation of numerous localized sheanes during ascent of bubble-rich
magmas particularly closer to conduit margins fadoroutgassing and ultimately
production of denser samples at the fragmentatemell Hence, it is the respective
proportions and evolution of shear zones (i.e. tpwsiand extent within the conduit)
during the various fall and PDC-producing phasest ttould be responsible for the
observed density gradients. If such lateral gradi@md the abundance of shear zones
also evolve progressively from the reservoir t@ifn@ntation, the passage from products
richer in lighter clasts to denser layers can h@aemed by both variations in the depth of
the fragmentation level, as well as temporal changemarginal build-up of denser
magma portions. A similar model can be invoked tfog white magma; however the
different magmatic properties may have resulted islightly different localization of

denser outgassed zones throughout the conduit.
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The study of six different PDC deposits within thagmatic portion of the
stratigraphy also revealed that stable to collapsimlumn transitions occurred in stages
that do not show peaks in clast density. Sevetaramnechanisms, such as increases in
discharge rates or widening of the conduit, canlmomwith magma density variations to
potentially trigger such transitions; the 79AD drap illustrates the complex interplay of
these factors. Accordingly, our results show tidiile increases in clast density were the
principal trigger for partial collapses PC1l, PC8daPC4, production of PC2 likely
reflected a first peak in discharge rate combindth ¥he presence of dense clasts. The
conditions leading to total collapse TC were imttavored by both the widening of the
conduit/vent system and increasing discharge Fatally, the last small-scale collapse of
the magmatic phase (BO) occurred when dischargs vaere low but the extremely high
clast densities, combined with the lower decompoessates and the larger conduit

together led to the formation of a boiling-over rficain.
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Appendix Al: Viscosity variations during the 79AD nmagmatic phese

Pressure Figure Al: Variations of
viscosity (thick black and re
lines=melt+crystals, thi
surrounding lines  represe
possible variations when sheal
or nor-sheared vesicles are
included), temperature ai
crystals content within sampl
from the eruptive ratigraphy.
Temperature exerts the domin
control on viscosity througho!
the eruption, however, tt
increase that follows tF
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leucite crystallization durin
i : slow decompression of ti
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: : ' ascent. scosity (cf. Table 3 for
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CHAPTER 6. PERSPECTIVES AND FUTURE WORK
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Throughout the various investigations presented this dissertation, several
comments were made illustrating some of the cuftams pertaining to the experimental
procedures utilized, the assumptions required dégture characterization or the lack of
data for the gray magma phase of the 79AD erupiitws last chapter describes some
possible improvements to the methods describedig¢fnaut this dissertation, and further

work that could address some important remainiregstons.

1. Phase equilibria for the white magma

Chapter 2 focused on leucite crystallization witthiea white, phonolitic portion of the
erupted magma during ascent, storage or slow deessipn from the reservoir. This
particular magma is extremely important in deteingnthe storage conditions prior to
the eruption, which are still a matter of debatewr @reliminary phase stability data
suggest that leucites are only stable at pressur@80-125 MPa, which agrees with
estimates from melt inclusion data (Cioni, 2000J #me depth of origin of erupted lithics
(Barberi et al., 1989). However, our experimentsenadl performed at poo=1 and other
authors (cf. Blundy and Cashman, 2008 and refesetioerein) have shown that the
presence of COcan significantly modify the inferred storage degte. by shifting
stability curves towards higher pressures). Becadgsuvius magma reservoirs are
encased within carbonate rocks, it is quite possiblat magmas inherit some €0
through dissolution and assimilation. Cioni (20@Bpowed that C®was absent soon
after decompression was initiated. It remains uagewhether C@ was outgassed or

never existed in 79AD phonolites to begin with. iBetet al. (2008) carried out phase
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stability experiments using EU2 phonolitic startimgaterial at various saturation
conditions and determined that, based on the #talof amphibole and leucites, the
magma was water-undersaturated and initial stocagéitions were close to 200 MPa.
However, their water-saturated experiments yieldy \different results at the pressure
range tested within our leucite crystallizationgarfor similar conditions. This is likely
to be due to differences in sample preparationexperimental techniques; Scaillet et al.
(2008) use powdered samples which they fuse at Iéghperatures prior to the
experiments to homogenize the melt. This may howedestroy any crystal nuclei that
were initially present and would have served adeation sites. Our technique avoids
this problem, by using samples that are more hgtrtished and not subject to fusing. In
all cases, to truly constrain storage conditionagiphase equilibria, chemical analyses
are required to determine best-matching oxide ptapts in all phases. Hence, with
Jessica Larsen (co-Pl on the NSF project that fdrtbis PhD), we decided to initiate a
better constrained phase equilibria study for EAl2alyses have already been performed
for water-saturated experiments; however, wateetsaturated runs are still needed in
the future to complete theiesP-T-Xu20 Space. Unfortunately, the same cannot be
achieved easily for the gray magma (tephriphonplifecause it resulted from the
complete mixing of a tephritic magma with the phideothus numerous crystal phases
are not in chemical equilibrium with the surrourglimelt. Even lightly crushing the

samples would eventually result in chemical contetion by mixing crystals and glass.
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2. The timing of leucite crystallization

Through our study of leucite crystallization withthe EU2 magma, it became
obvious that the crystals did not form during asaanthe conduit, like plagioclase in
many calc-alkaline melts. Leucites require moreetito nucleate and seem to form in
clusters or as aggregates of skeletal crystals wkeeampression is rapid or temperatures
low. While we now know that 4-5 days are sufficienimost cases to obtain leucite size
distributions and habits matching natural sampiesdo not possess good constraints on
the exact timing. What is the maximum decompressate that can be applied for
leucites to crystallize with textural features nmatg those from natural samples? Since
the study was published last year, it has cométa through textural investigations of
vesicles in experiments that the early stages oérdswere likely to involve slow
decompression. Hence, as we suggested initialyhiapter 2, leucites may have formed
during these initial stages rather than duringagferfor longer time periods. Experiments
imposing slower initial decompression rates conleréfore be performed to investigate
whether these crystal phases really need steadsoaments or whether they are able to

grow in the conduit at conditions of moderate undeling.

3. Improvement of vesiculation experiments

In chapter 4, decompression experiments aiming ifmienmagmatic ascent were
presented. It was noted that vesicle volume digtioins in natural samples were much
broader and more complex than those obtained froen eixperiments, even though

number densities were similar. Unlike rhyolitesppblites and tephriphonolites appear
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to nucleate without requiring supersaturation andhbe expansion/growth can continue
throughout the entire ascent path. Hence, vesiolame and size distributions can
provide us with a direct link not only to the dequession rates but also to the entire
decompression path (i.e. the evolution of ascaesriom reservoir to the fragmentation
level). From the study of experimental textureCimapter 3, fall textures in Chapter 4
and PDC textures in Chapter 5, we recognized thatder to replicate magmatic ascent,
laboratory experiments need to be significantly rowed; decompression needs to be
continuous (i.e. not stepped) and evolving towac=elerating rates (i.e. instead of using
one integrated decompression rate). In theorymigmas that vesiculate “easily” (i.e. no
supersaturation necessary), the ascent style tauttbtermined from the number density
curves for various vesicle sizes: if each vesitke €lass nucleated successively, the
largest vesicles would be the first to appear dredsmallest the last. Thus, if we can
convert the number densities of vesicles for eddha@se size classes to decompression
rates (i.e. using Toramaru’s equations, see Clagtand 5), then we can determine the
ascent path and the evolution of ascent rates. fipes of analysis could therefore be
utilized on natural samples prior to deciding wtygte of ascent is to be imposed during

laboratory experiments.

4. Implementation of additional FOAMS modules

Since its creation, FOAMS has been tested/utillzgdeveral students from different
universities (Natalie Yakos and Wendy Stovall, Wmsity of Hawaii; lan Schipper and

Livia Colo, University of Florence). FOAMS is avalile freely and our plan is to keep
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updating and fixing errors in the next few yeanstufe versions of FOAMS will include

a new module that measures glass wall thicknefseitoaded sample images. The code
is already written (utilized in chapter 5) and sldoe implemented by the end of 2010.
Briefly, the centroid of selected objects (i.e.igks) is determined by averaging the half-
distance between numerous intersections through ebect, and lines of pixels are

measured between the centroids of two adjacentlésibibhe user may choose to only
measure the glass portion (in which case the po@isesponding to any other phase are
removed from the connecting pixel line) or the entlistance between vesicle edges.
This type of glass wall measurement should be paeéd on bubble images that have not
been decoalesced, in which walls have not beenrdtavseparate vesicles. Otherwise

glass thickness will be biased by the number oélgixised to reconnect glass septa.

The second major improvement needed for FOAMS iling in the capacity to
measure vesicles in deformed samples. Non-deforssdples may have slightly
elongate vesicles but they typically fail to follavunique direction (i.e. possess unique
shape factor) which makes the use of non-sphesies€ological correction parameters
inadequate. On the other hand, samples that hasre dfeeared along one direction such
as tubular or foliated pumice or lava flow intes@o generally have vesicles that obey a
unique set of deformation parameters. The extentlefbrmation and the correction
factors depend on vesicle size (large bubbles defora greater extent than small ones).
Hence, there is a need for these sets of correpacameters for various values of vesicle
elongation and size. The easiest way to obtain g@chmeters is through numerical

modeling. Virtual vesicular rocks need to be créatath ellipsoids of different shapes
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and sizes. Intersections would then be made anetswf normalized vesicle size versus
intersection probability would be obtained. Thetites and implementation of the
FOAMS “deformed samples” module will be pursuedmiite collaboration of Thomas
Giachetti from the University of Clermont-Ferran&irgnce) who has also written

extensive codes for vesicle analysis in Matlab

5. The “conduit model” for Vesuvius

In chapter 5, we presented a new model for thendsamed degassing of magma
during the 79AD eruption. According to our resutlenser portions of the gray magma
experienced lower decompression rates whereas ldaresity portions underwent much
faster ascent. This trend is reversed in the whagma. In our conduit model, the bubble
textures in marginal regions had more time to neatund ultimately outgas. In the case of
the white magma, ascent was sufficiently slow #hagn central portions of the magma
could eventually collapse, even though they redbel highest decompression rates.
While our data support these interpretations, &rmrtiproof could be obtained by
measurement of water dissolved in pumice glassuifmodel is accurate, dense gray
pumice would show slightly lower water contents nthigghter clasts due to more
extensive degassing. This could be verified by ggeting HO measurements using
FTIR or the electron microprobe. In June of 201@tex will be analyzed in samples
from the phreatomagmatic phase of the eruption ¢setion below). We also hope to

perform additional analyses within pumice from thagmatic phase.
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6. The phreatomagmatic phase of the 79AD eruption

In chapter 5, a detailed investigation of vesicld &ucite textures within products of
the magmatic phase of the 79AD eruption (EUl-EU3swresented, leading to
characterization of the various factors that leaddme of the transitions from stable to
collapsing eruptive columns. One of the additiclaaks within the scope of this project
was to perform the same type of study on produicteephreatomagmatic phase (EU4-
EUS8) to compare with those obtained in the magntamse. More specifically, we wish
to examine whether the extensive distribution talglensity histograms measured in
EU5, EU6, EU7 and even EUS8 layers are due to egqudgnching (i.e. arrested
vesiculation) or late maturing of textures (i.etgassing). To achieve this, we plan to
perform volatile analyses in the groundmass glagsimice clasts from the various units.
We will measure volatile contents {8l and possibly C¢) using the FTIR available at
the University of Clermont-Ferrand in France. Iflgguenching related to magma-water
interaction occurred, then high volatile conterttewdd be preserved within the glass.
Images collected at the SEM for the various samgleg4-EU8) will undergo

rectification and be processed through FOAMS.
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