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DISSERTATION ABSTRACT

Kathleen R. Trafton
Doctor of Philosophy
Department of Earth Sciences
December 2021
Title: Pyroclasts: A Window into the Volcanic Conduit

Billions of people live in the shadow of a volcano. Explosive eruptions produce
myriad hazards, saturating airways with noxious gases and volcanic particles that damage
infrastructure and crops. Above all, these eruptions result in loss of life. Better mitigating
these hazards necessitates study of their erupted products, which can help constrain the
size, duration, and potential impact of future eruptions and give a glimpse into the
subterranean volcanic conduit. In Chapter II, I study thousands of porous pyroclasts from
the 1060 CE eruption of Medicine Lake Volcano. I find that pyroclast’s size, shape, and
texture directly reflects conduit processes; sub-millimeter scale pyroclasts are more
elongate and preserve elongated bubbles, whereas centimeter-scale pyroclasts are more
blocky with roundish bubbles. In Chapter 111, I use physical data from juvenile products
to understand the explosive-effusive transition at 640 B.C. rhyolitic eruption of Newberry
Volcano. I find pulsatory explosive behavior and changes in obsidian texture and
proportion to herald the final switch to lava extrusion. In Chapter IV, I contextualize
pumices from these eruptions with two eruptions from Mt. Mazama-Giiwas, finding that
pumice in general can form from cyclic events of magma fragmentation and sintering.

These studies not only change our modern perception of pyroclast formation and conduit
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dynamics, but also importantly provide data usable in numerical tephra dispersion

models.
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CHAPTER I
INTRODUCTION

Highly-silicic volcanic eruptions present a variety of geohazards that threaten
human life and livelihood. As of 2015, more than 8% of the world’s population lives
within 100 km of a volcano that had significantly erupted at least once. While >14% of
the world lives within 100 km of a volcano that has erupted during the Holocene (Freire
et al., 2019), volcanic eruptions have even farther-reaching consequences. Tephra from
these eruptions can encircle the globe, disrupting climate and aviation, and damaging
infrastructure and crop yields (Wilson et al., 2014). To determine how past eruptions
transpired, and thus how future ones may proceed, study of these volcanoes, particularly
their resulting products, is imperative.

Pyroclasts, cooled blebs of once-molten magma, preserve textures largely
inherited from magma’s ascent to the surface (Shea et al., 2010). By reading, quantifying,
and interpreting these textures, pyroclasts can offer a window into the conduit. As magma
rises from the reservoir through the conduit, volatiles initially dissolved within the
magma exsolve (e.g. H2O, CO2), leading to the nucleation and growth of bubbles of
supercritical fluid (Gonnermann and Manga, 2007). As volatile solubility decreases at
lower pressures (Newman and Lowenstern, 2002; Liu et al., 2015; Zhang et al., 2007), a
positive feedback loop ensues: as the magma becomes progressively less dense, it rises
faster, further driving bubble nucleation and growth (Sparks, 1978). The melt depletes of
water and other volatiles, and overpressure builds as bubble expansion is restricted by an
increasingly viscous melt (Gonnermann and Manga, 2013). When bubble overpressure

exceeds the tensile strength of the melt by ~2-3 MPa (Alidibirov, 1994; Zhang, 1999;
1



Spieler et al., 2004; Mueller et al., 2008), the foamy magma catastrophically fragments
into molten blebs that egress the volcano in an expanding gas phase (Dingwell, 1996;
Papale, 1999; Gonnermann and Manga, 2007). These blebs cool to form solid pyroclasts
on which textural interpretations are made (Shea et al., 2010).

Whether an eruption progresses explosively depends thus on timescales of
competing factors, namely those of ascent, degassing, and outgassing (Gonnermann and
Manga, 2007). If ascent is sufficiently slow and gas can efficiently escape the magma via
permeable pathways (Gonnermann and Manga, 2003; Tuffen and Dingwell, 2005; Rust et
al., 2004), then overpressure builds slowly and fragmentation may be avoided
(Eichelberger et al., 1986; Westrich and Eichelberger, 1994). Thus, magma instead erupts
as a flow/dome. If gas remains trapped or is unable to exit the magma during rapid
ascent, fragmentation ensues (Wilson et al., 1980). Such is a classical physical model of
how Plinian volcanic eruptions proceed. These eruptions produce largely stable eruptive
column tens of kilometers high (Woods, 2013) and deposits dominated by pumiceous
products that reach thousands of square kilometers in the case of large eruptions (e.g.
climactic eruption of 5670 B.C. eruption Mt. Mazama; Bacon, 1983; Young, 1990).

Different styles of eruptions, such as Vulcanian eruptions, can explosively erupt
following sudden decompression of stagnant, bubbly magma when sudden removal of
overlying material depressurizes the system (Druitt et al., 2002; Wright et al., 2007;
Clarke et al., 2007). These eruptions tend to be more limited in scale as compared to
Plinian eruptions, but produce similar eruptive products (Kennedy et al., 2005; Giachetti
et al., 2010) and thus associated hazards. Stromboli Volcano, known for its milder

punctuated Strombolian eruptions, periodically produces much stronger Vulcanian events
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(e.g. August 2019 eruption). These eruptions are accompanied by pyroclastic flows and
kilometers-high eruptive columns with ballistic material (Giordano and Astis, 2020).

Other factors, such as the presence of meteoric water, forces explosive behavior,
leading to phreatomagmatic eruptions (Self and Sparks, 1978; Sheridan and Wohletz,
1983; White and Houghton, 2000). Even less silicic to mafic endmembers can exhibit
explosive behavior provided sufficiently rapid magma ascent (e.g. basaltic Plinian
eruption of the San Antonio Tephra, Masaya Caldera, Nicaragua, Pérez et al., 2020; weak
to sub-Plinian basaltic eruptions at Halema ‘uma ‘u crater, Kilauea volcano, U.S.A.;
Rahimi, 2017; see also Moitra et al., 2013).

As explosivity spans the gamut of volcano and eruption type, constraining
associated geohazards and particularly their duration is becoming ever important in a
populating world. In this vein, recent work has heavily focused on the explosive-effusive
transition in volcanic eruptions with particular attention to more silicic endmembers. The
onset of effusive behavior (i.e. a lava flow) has often heralded the end of explosive
activity (Eichelberger and Westrich, 1981; Woods and Koyaguchi, 1994; Scandone et al.,
2007; Cassidy et al., 2018; Wadsworth et al., 2020), although concurrent behavior is
possible (e.g. 2011 of Cordon Caulle, Chile; Schipper et al., 2013), as well as transitions
from effusive to explosive behavior (e.g. explosions following dome growth, Pinatubo,
Philippines, 1991; Pallister et al., 1992). To date, numerous studies have examined,
among other characteristics, magma decompression rate (Castro et al., 2008; Alidibirov
and Dingwell, 1996), crystal/bubble content (Mueller et al., 2008; Pistone et al., 2015;
Parmigiani et al., 2017), conduit geometry (de’ Michieli Vitturi et al., 2008), external
assimilates (Austin-Erickson et al., 2008), crustal properties (Jaupart and Allegre, 1991;

3



Kennedy et al., 2010), and tectonic regime/stress field (Pinel and Jaupart, 2000; Scandone
et al., 2007) as modulators of eruption style. However, with the potential for myriad
feedback loops (e.g., Tait et al., 1989; Cassidy et al., 2018), precisely characterizing
eruptive behavior seems an enigmatically complex process.

Still, despite the triggers and dynamics of volcanic eruptions being myriad and
varied, eruption models often hinge on a common assumption — that pyroclasts serve as
representative snapshots of conduit conditions. Analyses (e.g., Polacci et al., 2006;
Mueller et al., 2011; Schipper et al., 2013; Rotella et al., 2014), experiments (Martel et
al., 2003; Spieler et al., 2004; Toramaru, 2006; Hamada et al., 2010; Brugger and
Hammer, 2010), and computational models (Melnik and Sparks, 2002; Gonnermann and
Manga, 2007; Schwaiger et al., 2012) incorporate or verify results using data gleaned
from a subset of pyroclasts from a given eruption. Pyroclasts’ characteristics are largely
assumed to be acquired near fragmentation and thus to preserve the final state of the
magma (Shea et al., 2010; Rust and Cashman, 2011).

But how representative are these pyroclasts? How representative are the
methodologies we use to assess their properties? What are studies missing that examine a
limited size fraction of a component (i.e. ash or lapilli) or only one component at all (i.e.
obsidian or pumice)? How might such patchwork approaches to studying volcanic
material impact interpretations of the conduit and of numerical models of ash dispersion?

To answer these questions, I leverage mass quantities of data to examine conduit
processes for multiple eruptions at Cascade Volcanoes. Several high and very high threat
volcanoes — so named by the USGS based on their danger to human life in the event of an

eruption - comprise the Cascade Volcanic Arc in the Pacific Northwest. In my second
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chapter, I focus individually on the 1060 C.E. Glass Mountain eruption of Medicine Lake
Volcano (high threat; Ewert et al. 2018), and focus on spacial heterogeneities in the
conduit. In the third chapter, I examine spacial and temporal variations in conduit
processes for the 640 C.E. eruption of Newberry Volcano (very high threat; Ewert et al.
2018). In the fourth chapter, I and co-authors examine common traits among rhyolitic
pyroclasts, leveraging data from the two aforementioned eruptions along with those of
the 5670 B.C.E. Cleetwood and climactic eruptions of Mt. Mazama (very high threat;
Young, 1990; Bacon, 1983; Ewert et al., 2018).

In Chapter 11, I investigate the relationships between the size, shape, density and
texture of thousands of juvenile pyroclasts from the Plinian phase of the 1060 CE Glass
Mountain eruption of Medicine Lake Volcano (California, USA; Heiken, 1978;
Donnelly-Nolan et al., 2007). Analyzed pyroclasts, which originate from representative
beds of both proximal and medial deposits, range from 0.125 mm to several centimeters
in diameter. I show that the size, shape, density and texture of juvenile Plinian pyroclasts
are intimately interrelated: as the size of pyroclast decreases from 64 mm to 0.125 mm,
their shape shifts from equant to tabular to elongate. Moreover, while rounded vesicles
dominate the largest clasts, elongate and distorted vesicles become progressively more
present with decreasing clast size. Concurrently, clast density continually increases in a
sigmoidal way from ~0.4 g.cm> (>80% porous) in the largest clasts to ~1.7-1.9 gem™
(20-30% porous) by 0.125 mm. These observations are identical for both the proximal
and medial locations. I also show that expansion, compaction and secondary
fragmentation did not significantly change the texture of juvenile pyroclasts after

fragmentation.



The size dependency of density and texture of Plinian pyroclasts is instead
interpreted to originate from the lateral position of the magma in the conduit prior to
fragmentation: smaller clasts result from higher shearing closer to conduit walls, where
greater shear stresses increasingly elongate vesicles and fragment particles in smaller
pieces. Moreover, ~5% of pyroclasts 1-8 mm in size are likely agglomerates of mono-
texture ash particles that sintered within the conduit during or shortly after primary
fragmentation. This work shows that future studies should analyze the full spectrum of
clast sizes, from the micron-to centimeter-scale, to fully capture the complexity and
breadth of eruptive processes across the volcanic conduit.

In Chapter III, I examine the 640 C.E. rhyolitic eruption of Newberry Volcano
(OR, USA), which began with sub-Plinian pyroclastic fallout and terminated effusively
with an obsidian flow (Kuehn, 2002; Rust and Cashman, 2007). I combine previous work
on the geochemistry and textures of obsidian pyroclasts with new detailed physical and
textural analyses of the pumiceous products, using juvenile products to understand
eruption dynamics throughout the shallow conduit. I examine thousands of pumices for
external texture, density, and mass distribution, pulling samples from 37 layers spanning
4 pits along the dispersal axis of the fallout deposit. Ultimately, transitory Vulcanian-like
pulses are the link between Subplinian and effusive activity.

In Chapter IV, I and co-authors evaluate juvenile porous lapilli from four
volcanic eruptions from the the Cascades, including the two aforementioned as well as
the 5670 B.C.E. Cleetwood and climactic eruptions of Mt. Mazama (Young, 1990;
Bacon, 1983). Textural observations of these sub-Plinian and Plinian pumice lapilli

reveal that some primary products of magma fragmentation survive by agglomerating and
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sintering together within seconds of magma break-up. Their size distributions reflect the
energetics of fragmentation, consistent with products of rapid decompression
experiments. We find that pumice aggregates thus offer a unique window into the

previously inaccessible primary fragmentation process.



CHAPTER II

THE MORPHOLOGY AND TEXTURE OF PLINIAN PYROCLASTS REFLECT
THEIR LATERAL SOURCING IN THE CONDUIT

This chapter was published in Earth and Planetary Sciences letters under the title
“The morphology and texture of Plinian pyroclasts reflect their lateral sourcing in the
conduit.” This publication was co-authored with T. Giachetti. K.R. Trafton conceived the
study, gathered and curated the data, analyzed and interpreted the data, acquired funding,
and wrote the paper. T. Giachetti helped in conceiving the study, as well as with data
analysis interpretation, funding acquisition, and paper revisions. Both co-authors

extensively discussed ideas to ameliorate the final product.

1. Introduction

During magma’s ascent towards the Earth’s surface, dissolved volatiles exsolve
via the nucleation of vapor bubbles. Multiple populations of micron- to millimeter-scale
bubbles can result as bubbles variably grow (Klug et al., 2002; Polacci et al., 2003;
Lautze and Houghton, 2007) and coalesce (Adams et al., 2006; Gurioli et al., 2008;
Giachetti et al., 2010) during cycles of ascent and stagnation. At a given depth, higher
shear stress near conduit margins stretches bubbles and may promote coalescence,
resulting in elongated and/or polylobate vesicles (Polacci et al., 2001, 2003; Klug et al.,
2002; Rust et al., 2003).

If magma ascends rapidly, it can fragment into discrete, bubbly parcels that are
carried upwards in an expanding gas phase (Gonnermann, 2015). A mixture of gas and
these bubbly fragments, called pyroclasts, then egresses the volcano in an explosive

eruption. A variety of patently dangerous volcanic hazards are associated with the
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ensuing tephra fallout from the eruptive column (Costa et al., 2009; Bonasia et al., 2011;
Macedonio et al., 2016) and/or pyroclastic density currents (e.g., Mueller et al., 2015; and
references therein). Pyroclasts record a complex history of conduit processes; their
morphology and internal texture can provide a snapshot of conditions near the point of
magma fragmentation, provided post-fragmentation alteration of morphology and texture
is minimal or can be accounted for (Shea et al., 2010; Giachetti et al., 2010; Rust and
Cashman, 2011).

Lapilli 1.6-3.2 cm in diameter are commonly examined to glean insight into
conduit dynamics; they are thought to undergo minimal textural alteration following
fragmentation. Density is relatively constant in this size range and evaluation of 100-200
1.6-3.2-cm lapilli for a given eruption reveals standard deviations of 10-20% about the
mean (e.g., Houghton and Wilson, 1989; Gardner et al., 1996; Manville et al., 2002;
Polacci et al., 2003; Shea et al., 2010; Hiroi and Miyamoto, 2016; Mitchell et al., 2018).
Lapilli >3.2 cm may undergo post-fragmentation expansion, during which bubbles
expand in a still-molten interior as pyroclasts continue to decompress in the eruption
column (Gardner et al., 1996; Kaminski and Jaupart, 1997; Mitchell et al., 2018). At the
millimeter scale and smaller, interpretations may be biased by introduction of chips of
highly vesicular pyroclasts resulting from secondary fragmentation (Kueppers et al.,
2012). In high-energy collisional regimes such as those in the conduit, particles
preferentially break into fragments that are large fractions of their initial size, and
rounding is minimal (Dufek et al., 2012). In pyroclastic density currents, low-energy

collisions among grains abrade and round lapilli (Dufek and Manga, 2008; Manga et al.,



2011; Dufek et al., 2012; Kueppers et al., 2012; Jones et al., 2017), saturating the fine ash
size fraction with larger pyroclasts’ broken bubble walls and septa (Mueller et al., 2015).
To date, textural studies have largely focused on endmember size fractions,
whether 1.6-3.2 cm lapilli (e.g., Whitham and Sparks, 1986; Houghton and Wilson, 1989;
Klug and Cashman, 1994; Gardner et al., 1996; Polacci et al., 2001; Mitchell et al., 2018)
or micron-scale ash (e.g., Walker, 1980; Wright et al., 2012; Cannata et al., 2014). As a
result, these studies also examine particle morphology on those same scales. Brittle
fragmentation of silicic magma creates blocky, angular lapilli with planar and curviplanar
sides (e.g., Alidibirov and Dingwell, 1996; Dufek et al., 2012). At the submillimeter
scale, ash particles from explosive eruptions can fragment into plate-like, elongate,
jagged particles (e.g., Polacci et al., 2003; Liu et al., 2015; Saxby et al., 2020). Some ash
deposits have been reported to be highly concentrated in elongated pumiceous particles,
so-called “stick pumices” or “needles” (Rosi et al., 1999; Larsen et al., 2001; Polacci et
al., 2003; Saxby et al., 2020), but the reason for which has yet to be fully examined.
Additionally, whether a continuum exists between the two morphologies characteristic of
lapilli and ash, or at what size fraction one morphology begins to dominate, has yet to be
determined. If, as some studies have suggested, a relationship exists between bubble and
pyroclast shape (e.g., stick pumices preserving elongated vesicles; Palladino and
Taddeucci, 1998), what might a coupled textural-morphological investigation of
pyroclasts from the micron to centimeter scale reveal? In order to aptly characterize the
breadth of conduit processes, a thorough investigation of pyroclasts’ characteristics

spanning the size spectrum is necessary.
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Beyond contextualizing conduit processes, study of variations in pyroclasts’
characteristics with size is essential to tephra dispersion models that are used to predict
fallout and ultimately assess future geohazards (e.g., Bonadonna and Phillips, 2003;
Pfeiffer et al., 2005; Barsotti and Neri, 2008). The size, density, and shape of pyroclasts
largely control their terminal velocity, and thereby determine for how long particles
remain airborne and where they land (Walker et al., 1971; Riley et al., 2003; Bagheri and
Bonadonna, 2016; Saxby et al., 2020). However, current models use single values of
density from ash to lapilli for a given magma composition (e.g., Taddeucci et al. 2002;
Folch et al. 2008) or simplified log-linear relationships between average density and
particle diameter, d, for pyroclasts 8 pm < d <2 mm (Bonadonna and Phillips, 2003).
Below 8 um, ash is considered the density of glass (2.3-2.6 g cm?, depending on magma
composition), whereas pyroclasts are considered 70-80% porous above 2 mm (e.g.,
Bonadonna and Phillips, 2003). Total grain size distribution models also resort to
constant values of density (Pioli et al., 2019) or log-linear models (Rust and Cashman,
2011) to avoid introducing artificial kinks via an uncalibrated size-density trend. These
assumptions result from a paucity of quantitative data for particle shape, despite shape-
dependent drag equations producing more accurate results than spherical approximations
(Ganser, 1993; Bagheri and Bonadonna, 2016; Dioguardi et al., 2018). For example,
Saxby et al. (2018) report a 44% increase in travel distance for 100 um particles modelled
as non-spherical (sphericity = 0.5) versus spherical counterparts. In order to accurately
predict where pyroclasts and ash will fall and assess associated hazards, proper

calibration of these models requires ground-truthed data.
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Eychenne and Le Pennec (2012) evaluated changes in pyroclast density as a
function of their size for the 2006 subplinian basaltic eruption of Tungurahua volcano,
Ecuador. They report a sigmoidal relationship between the density of scoria and their
diameter, wherein density increases 1.5% as particles decrease in size from 23 mm to 0.09
mm. Whether highly silicic pumices exhibit the same trend across such a size spectrum
has yet to be thoroughly examined. To the best of our knowledge, only Manville et al.
(2002) have reported a continuous density spectrum of highly-silicic pyroclasts ranging
in size from ash to lapilli: they describe an increase in the mean density of pumice clasts
from the 1800a Taupo ignimbrite (New Zealand) from 0.5 g cm=to 1.2 g cm™ (~80% to
50% porosity) as particles decrease in size from 16 mm to 0.125 mm.

In this study, we examine whether pyroclasts’ shape, texture, and density are
systematically a function of their size. We measure the volume and mass of >3,500
individual particles 0.125-64 mm in diameter to provide robust density measurements of
juvenile pumiceous pyroclasts from a proximal and medial pit from the 1060 CE eruption
of Medicine Lake Volcano, CA. We then quantify variations in external clast morphology
and compare it with internal textures to determine whether and what pre-, syn- or post-
fragmentation processes control clast texture. We finally contextualize our findings with

previous studies’ conduit models to discuss implications for tephra dispersion models.

2. Background

The 1060 + 90 CE Glass Mountain eruption of Medicine Lake Volcano (CA)
began with a Plinian phase that deposited 0.27 km? of rhyolitic pyroclastic material and
terminated effusively with rhyolitic and dacitic flows totaling ~0.7 km? (Heiken, 1978;
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Donnelly-Nolan et al., 2007). The explosive phase is solely fallout (Heiken, 1978;
Nathenson et al., 2007) with no reported deposits of pyroclastic density currents. Due to
dominant winds, most of the tephra were deposited east-northeast of the vent, forming an
irregular ellipse (Heiken, 1978). Glass Mountain pyroclasts are rhyolitic (74% SiO2, 14%
AL O3, 4% K>0, <10% other), and the major element chemistry does not significantly
change over time, regardless of clast morphology and size (Heiken, 1978). Pyroclasts are
crystal-poor to crystal-free, containing only trace phenocrysts of plagioclase and
orthopyroxene (Heiken, 1978; Stevenson et al., 1996). Lithic fragments include basalt
and andesite that comprise up to a third of a given deposit bed (Heiken, 1978). The
density of Glass Mountain glass is 2.36 + 0.05 g.cm™ (Giachetti et al., 2020).

Heiken (1978) examined the Glass Mountain tephra deposits at multiple outcrops,
including a 3.7-m-thick pit 2.8 km east of the vent that comprises eleven tephra beds. He
also described the tephra deposit at distances of 3-11 km east, 3-11 km north, and 1-3 km
south and west of the vent, and found 2-3 tephra beds at each locality having combined
thicknesses of 22-131 cm. Heiken noted the remarkable uniformity of the Glass Mountain
tephra in that all deposits consist of reversely graded or massive beds of grey medium-
sized-ash to lapilli-sized tephra. New field investigations of more than seventy pits ~2-15
km of the vent in all directions, including a 14-m-thick section 1.8 km northeast of the
vent, corroborate these observations (Giachetti and Shea, in prep). Heiken (1978) sieved
particles from each of the 11 beds (units) of his 3.7 m-thick pit, compared the results with
those from a section located 5-6 km NNE of Glass Mountain, and found no systematic
changes in grain-size characteristics from unit to unit (Table 4 of Heiken, 1978). All beds

at a given locality are similar in terms of particle median size and contain poorly-sorted
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lapilli, though those farther from the vent are more finely grained in medium to coarse
ash-sized particles. Heiken (1978) also studied clast and vesicle shapes, density, and
componentry for sizes 2-16 mm and concluded that pumiceous pyroclasts for a given
clast size among all beds of the 3.7 m-thick pit are “remarkably homogeneous in their
composition and morphology.” He reports that lapilli across all size fractions and in all
beds are equant to slightly elongate, blocky fragments that, on average, have length to
width ratios of 1.4-1.6. They have sharp and angular surfaces and ovoid to elongate

vesicles 5-90 um wide and 20-700 pm long.

3. Methodology

The next sections detail the different methods and instruments used to gather
pyroclast and vesicle characteristics from two sampled locations. We evaluated the
density, shape, and size of clasts, and the shape and size of vesicles for clasts 0.125-64
mm approximately every 1 ¢ (henceforth called size fractions), where ¢ = -log2(d) and d
is expressed in mm. We encourage the reader to follow the methodological flow chart

found in Appendix A (Fig. A.1).

3.1. Sampling and preparation

We collected samples from two pits, one proximal and one medial (Fig. A.2). The
proximal sample was collected in a quarry 1.9 km NNE of the summit of Glass
Mountain, from a 30 cm-thick bed situated ~60 cm below the top of the Glass Mountain
tephra deposit (Fig. A.2). The sampled bed is reversely graded and poorly sorted, similar
to the proximal beds examined by Heiken (1978). Although the base of the Glass
Mountain tephra deposit was not reachable at that site, the outcrop is located just 300 m
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downwind of a 14 m-thick outcrop excavated in the same quarry that exhibits the
complete Glass Mountain deposit (Giachetti and Shea, unpublished data). We thus
believe that the full Glass Mountain tephra deposit must be on the order of 10 m where
we collected the proximal sample. We sampled the entire 30 cm-thick bed in bulk and
collected additional lapilli in the same bed to have a statistically significant amount
available for textural investigation. The medial sample was collected 9.2 km NNW of the
summit of Glass Mountain (Fig. A.2). The deposit at this site appears as a single
reversely-graded 12 cm in thickness. This bed was sampled in its entirety. Bedding,
sorting, and morphology and texture of the lapilli from these two pits are qualitatively
comparable to other lapilli from multiple beds and pits surrounding Glass Mountain
(Heiken, 1978; Giachetti and Shea, in prep). As such, we believe our samples herein are
representative of the overall fallout deposit. Quantitative characterization of clast and
vesicle shape and size further support this assertion (see Sections 4.3 and 4.4).

Clasts were dry sieved approximately every 1 ¢ for -6 < ¢ <4 (i.e., 0.063 mm < d
< 64 mm; Eychenne et al., 2012), washed, and dried overnight in a furnace at 100°C.
They were then sorted into four categories: pumice, obsidian, lithics, and free crystals,
with the naked eye for those >8 mm and via microscope for clasts <8 mm (Table B.2).
The texture and morphology of the pumiceous pyroclasts were then assessed for particles

>0.125 mm (Fig. 1, >3500 particles in total).
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Figure 1: a) Homogeneous clasts from the Glass Mountain eruption of Medicine Lake
Volcano spanning 0.125 < d < 64 mm from each phi size fraction measured. The bottom
right hand pile is an example of a bulk sample (i.e., all components) spanning 0.125 mm
< d <0.25 mm. Right-hand photos are heterogeneous clasts exhibiting b) obsidian
banding, c) breadcrusting, d) crystals, and e) elongate/tubular vesicles.

3.2. Homogeneous vs. heterogeneous pumices

Clasts >8 mm were defined as homogeneous or heterogeneous based on their
outward textural appearance (Fig. 1). Clasts exhibiting obviously elongated vesicles,
alternate banding of pumice- and obsidian-like textures, crystals, or breadcrusting were
considered heterogeneous. All others were considered homogeneous. Clasts with sharp
edges with an undulatory rather than smooth surface were considered broken during

transport and not included in analyses (Mitchell et al., 2018); these clasts comprise ~3%
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of proximal clasts and were not present in the medial sample given the paucity of larger

lapilli.

3.3. Density

For clasts >8 mm, density was calculated using individual mass and volume
measurements (density = mass/volume) of singular clasts. Volume was determined via
classical immersion method (Houghton and Wilson, 1989; Fig. A.3a) or dynamic image
analyzer (Microtrac PartAn’P; Fig. A.3b) and mass was obtained using a high-precision
balance. For pumiceous particles 0.125-8 mm, density was calculated for every size
fraction: the volume of 45-250 clasts was measured using the PartAn®P (Fig. A.3b) and at
least 100 particles were weighed, giving an average particle volume and average particle
mass that were then used to calculate the average density of the corresponding size
fraction. Particles 0.063-0.125 mm were mounted in epoxy pucks and porosity was
estimated from Scanning Electron Microscope (SEM) images. We report and plot data in
terms of both density and porosity, and similarly report size in terms of diameter (d),

volume (¥), and phi size (¢). Clast porosity, a in %, is given by
M
a =X 100, Eq. (1)

where M is the mass of a particle, V its volume, p = 2.36 £ 0.05 g cm™ (Giachetti et al.,

2020) is the density of the solid phase, and assuming a density of air of 0 g cm™.

3.4 Clast shape
Qualitative clast shape was determined via assessment of hand samples (>500 4-

64 mm clasts) or using SEM images of cross-sections (>200 0.125-4 mm clasts)
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following Blott and Pye (2008): equant clasts are those with approximately equal
dimensions; tabular clasts are plate-like, exhibiting one slightly shorter dimension; and
elongate clasts are rod-like, having a distinctly long axis. Clast shape was then quantified
in hand sample using high precision calipers or a particle size analyzer (Microtrac
PartAn’P; Fig. A.3b) for batches of 45-250 clasts 0.125-64 mm. We measured the longest

(/) and shortest (b) axes of these clasts to calculate clast elongation, D. = (I-b)/(I+b).

3.5 Vesicle shape and size distributions

Thin sections were made on five proximal clasts >8 mm that have a porosity
within 3% of the median porosity for their size fraction. Several to tens of 0.125-8 mm
clasts from both pits were mounted in epoxy every size fraction. Pucks and thin sections
were carbon coated for imaging on a Quanta 1000 Scanning Electron Microscope (SEM)
and images were taken at multiple magnifications towards both the rim and core of each
clast.

Images were then binarized using the Fiji (ImageJ) image processing package and
analyzed using FOAMS (Shea et al., 2010). Percent area of a given image as occupied by
elongate, rounded, or distorted vesicles was evaluated spanning sieved size fractions.
Data from clasts >8 mm were amalgamated and considered as one size fraction for this
step only in order to make a more robust data set. Seven to fifty clasts were evaluated per
size fraction. Vesicle shape was then quantitatively assessed for each size fraction using a
single representative clast (no breadcrusting, obsidian banding, nor large crystals, and
with proportions of rounded, elongate, and distorted bubbles within the standard

deviation of the median for all clasts in that size fraction).
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Vesicles cut by the edge of the image and those smaller than 20 px? were
excluded from analysis, resulting in 150-1,750 vesicles analyzed per pumice. For
statistical representativity, the largest vesicle measured had an area smaller than 1/5% of
that of the image (Shea et al., 2010). We analyzed vesicles ~1-100 um in diameter in nine

pyroclasts spanning all evaluated size fractions. Circularity, C, was calculated as:

4TA
P 2

C = Eq. (2)

where A4 is area and P is perimeter, and varies between 0 and 1 (disc). Circularity was
chosen to quantify vesicle shape given the complexity and variety of vesicle shapes in
this analysis, as circularity quantifies both form and roughness (Shea et al., 2010; Liu et
al., 2015). Because low pixel count can artificially inflate the roughness of analyzed
objects, images with similar pixel densities were used (~1-3 pixels/um). We also report
vesicle elongation (Rust et al., 2003), elsewhere referred to as deformation (Dingwell et
al., 2016), via the dimensionless parameter, D,:

1-b

D, =12 Eq. (3)

where / and b are respectively the semi-major and semi-minor axes of the sheared vesicle.
Higher values of D, correspond to a more elongated shape. Finally, we quantified vesicle
orientation using the angle function in ImagelJ, which calculates the angle between the
main axis of a given shape and a line parallel to the x-axis of the image.

To assess the viability of post-fragmentation expansion, we analyzed vesicle
shape and size distribution (VSD) of both the rim and the core of three proximal lapilli.
Analyzed clasts span about 1.5 orders of magnitude in volume and were chosen so that
their porosity is within 3% of the median for that size fraction (Table B.1). Two to five

SEM images of varying magnifications were used for a given location within each clast
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(rim or core) depending on qualitative assessment of the range in vesicle sizes. At least
120 vesicles per magnification were evaluated, resulting in 122-927 vesicles analyzed per

size distribution.

4. Results

In the subsequent paragraphs, we describe changes in pyroclasts’ characteristics
as a function of their size for both proximal and medial pits. We first describe variations
in componentry of the sample and external texture and morphology of the clasts, before
detailing changes in their internal texture and density/porosity. Throughout, subscripts

€69

p” and “m” refer to the proximal and medial samples, respectively.

4.1 Componentry

Estimates from the field indicate that pumice comprises >90% of >32 mm clasts.
For both pits, obsidian content never exceeds 20% for any given size fraction, and free
crystals average ~10% of a size fraction on the submillimeter scale (Table B.2). In the
proximal sample, lithic content reaches a maximum of ~30% for the size fraction 0.85-2
mm and decreases at both larger and smaller size fractions. Pumice content inversely
mirrors this trend, being greatest at endmember size fractions (~90% for 0.063-0.09 mm;
~98% for 16-32 mm). In the medial sample, pumice content gradually decreases from
100% to ~50% as clast size decreases from 32 mm to 0.063 mm, whereas obsidian, lithic,

and free crystal content increase (Table B.2).
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4.2 External texture

No proximal pumices >48 mm in diameter exhibit surface heterogeneities (i.e.,
crystals, obsidian banding, breadcrusting, or elongated vesicles; Fig. 1). For clasts 8-48
mm, >75% of the proximal lapilli and all medial clasts lack breadcrusting, obsidian
banding, and external crystals. Obsidian-banding and breadcrusting are respectively
exhibited by <5% and <15% of the proximal lapilli. Obsidian-banding is the predominant
feature for only 2 proximal lapilli, and only one proximal lapillus contains breadcrusting
pervasive enough to classify it as the predominant heterogeneity. Crystals are a transitory
feature: no clasts exhibit crystals as a predominant heterogeneity, though ~25% of
proximal lapilli sampled exhibit at least one sub-mm to mm-scale crystal on their surface.

In general, pumices most commonly exhibit elongated/tubular vesicles as a
heterogeneity, especially small clasts: as clast size decreases from 64 mm to 0.125 mm,
the percent of clasts exhibiting predominantly elongate vesicles increases from 14% to
>70% (Fig. 2). The same trend is observed in the medial sample: the proportion of clasts
with elongated/tubular vesicles increases from ~30% for clasts >8mm to ~80% for clasts

0.125-0.25 mm.

4.3 External morphology

For both pits, clast shape changes from equant to elongate as clast diameter
decreases from 64 mm to 0.125 mm (Fig. 3; Fig. B.1). Pyroclasts are predominantly
equant for 8-64 mm (D¢, = 0.29 £ 0.09; D= 0.32 £ 0.09), become largely tabular for
0.5-8 mm (D, =0.32 £0.09; Dein=0.35 £ 0.1), and are tabular to elongate for 0.125-0.5
mm (D¢ = 0.38 £0.09; Der = 0.39 + 0.1; Fig. B.1).
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Figure 2: Percent of tubular pumices (pumices predominated by elongated/tubular
vesicles) out of all pumices for a given size fraction. n = number of tubular pumices as
based entirely on SEM images for the medial pit. For the proximal pit, hand samples
were evaluated for clasts 4 mm and larger, and SEM images used for smaller clasts. SEM
images were used to ensure that clasts are both elongated in shape and contain elongated
vesicles, thereby classifying them as tubular pumices.
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4.4 Internal texture
4.4.1 Vesicle shape and size distributions

As clast size decreases from 64 mm to 0.125 mm, the predominant internal
texture shifts from rounded to elongate vesicles (Fig. 3). For both pits, the percent area of
clasts occupied by rounded vesicles, as analyzed on SEM images, decreases from >50%
to <20% as clast size decreases from 64 mm to 0.125 mm (Fig. 4). Conversely, percent
area of elongate vesicles increases from <40% to >70% over the same range of clast
sizes. Percent area of distorted vesicles is relatively constant at 10-20% for proximal
pumices but reaches 35-40% for medial pumices 0.85-4 mm in size. At both pits, clasts
0.125-0.50 mm exhibit predominantly elongate vesicles (Figs. 2, 3).

For both pits, vesicle shape parameters systematically vary with both vesicle size
and clast size. Regardless of their size, vesicles are more circular, less elongate and have
fewer contorted shapes in larger clasts than those in smaller clasts. As clast size decreases
from 64 mm to 0.125 mm, median vesicle circularity, C significantly decreases from 0.65
+ 0.2 to 0.35 + 0.2 (Figs. 3; 5a). Lapilli at both pits tend to have vesicles similarly
elongated regardless of their size (Dy ~ 0.3+0.18; Figs. 3; 5b, ¢), whereas vesicles in
clasts <2 mm are more elongated, reaching a median Dy ~ 0.59+0.10 in the smallest clast
analyzed (Fig. 5b). These clasts also have larger vesicles that are more elongated than
smaller ones (Fig. 5¢). Finally, while vesicles in clasts >2 mm do not exhibit any obvious
predominant direction of alignment, they are progressively more aligned in smaller clasts
and ~60-70% of the vesicles are aligned within 10° of a main direction in the smallest

clasts analyzed (Fig. 5d; Fig. B.2).
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Vesicle sizes are largely between 0.01 — 1 mm, though smaller vesicles persist
down to a few microns, particularly in smaller clasts. For the three clasts analyzed for
vesicle size distributions (VSDs), both the VSD and porosity do not vary significantly
from rim to center of a given clast (Fig. 6; Table B.1) and all size distributions are
unimodal. The largest clast (d =45 mm) has a mean vesicle diameter of 0.1 mm, whereas
the other two clasts (d = 23 mm and 11 mm) have mean values of 0.03-0.05 mm.
However, the two smaller clasts exhibit similar vesicle size distributions despite being
half an order of magnitude different in volume, consistent with their porosity being
similar (70-75%). The Gaussian shape of all vesicle size distributions further suggests
that all three samples experienced a single nucleation event followed by vesicle growth

(Fig. B.3; e.g., Shea et al., 2010).

4.4.2 Density

The size-density distribution curve is overall sigmoidal for pumiceous pyroclasts
from both pits (Fig. 6). The largest pumices 4-64 mm, comprising the tail of the sigmoid,
evidence their own trend in both samples, wherein density increases from 0.47+ 0.2 to 0.8
+ 0.2 g cm? for the proximal pit, and from 0.4 + 0.2 to 0.7 + 0.2 g cm™ for the medial pit
with decreasing clast size (Figs. 6; B.4). Between ~1 and 10 mm, density values plateau
to 0.7-0.8 g cm™ (i.e., porosity of ~70%) in both samples. Between 0.125-1 mm, density
more than doubles, increasing from 0.7 to 1.7 g cm™. Finally, for d <0.125 mm, density
plateaus at 1.7-1.8 g cm™ and smaller samples likely will remain somewhat porous until
micron-scale bubbles no longer persist (Manville et al., 2002), at which point they
become the density of rhyolitic glass (~2.36 g cm™; Giachetti et al., 2020).
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Such density variations are corroborated by microscope observations of pumice textures
(Fig. 3).

Visually heterogeneous proximal lapilli (i.e., those exhibiting elongated vesicles,
obsidian banding, crystals, or breadcrusting) as considered apart from homogeneous
clasts, exhibit a similar trend overall in that they generally become
denser with decreasing size, increasing from ~0.3 £ 0.1 gcm™t0 0.9 + 0.2 g cm™ (Figs.
6; B.4). We thus feel justified including these samples as part of the larger suite of
pumices used in determining the size-density curve for the proximal pit (Fig. 8). The
medial pit did not have lapilli with externally visible heterogeneities, though this could be
due to lack of lapilli overall in the sample. When plotted together with visually
homogeneous samples, proximal samples with crystals account for most of the scatter
around the average, likely because the crystals are inherently denser than the surrounding

pumice and may disrupt vesicle networks.

5. Discussion

Overall, clast morphology shifts from equant to tabular to elongate as clast size
decreases from 64 mm to 0.125 mm. Moreover, as clast size decreases, the internal
texture changes as well; clasts increasingly contain more domains of elongate and
distorted vesicles, until only elongate or distorted vesicles entirely comprise clasts by
0.125 mm. This shift in internal texture is captured by an increase in density from 0.4-0.5
to 0.7-0.8 g cm™ for the proximal sample, and from 0.4 + 0.2 to 0.7 + 0.2 g cm™ in the
medial sample by 0.125 mm (Fig. 6), corresponding to a decrease in porosity from about

80% to 20-30%. Changes in external clast morphology and size are thus mirrored by
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Typical Dominant Typical Dominant
Size Clast Morphology Clast Shape Internal Textures Bubble Shape
Equant Rounded
32-64mm D(p:0.28i0.10 Dvp:0.30i0.19
6<p<-5 D_,:N/A D,.:N/A
1cm 500 um
Equant Rounded
16-32mm D,,:0.28+0.09 D,,:029+0.18
S<@<-4 D. :0.33+0.09 D,,:0.31+0.17
1cm o vm
200 um
Equant to tabular Rounded to elongate
8-16 mm Dcp:0'31 +0.09 Dvp:0.30i0.17
“4<@p<-3 D :0.31+0.09 Dvml 0.30+0.17
500 um
Tabular Elongate
4-8mm D,,:032+0.09 D,,:031+0.18
2<9<3 D, :036+0.11 D,,:030£0.17
X 500 pm
Tabular Elongate
; 2 mn D,,:030009 D,,:042+0.17
g D, :033+0.09 D, :035+0.18
400 um
Tabular Elongate
0.85-2mm D_:033+0.1 D,:045+0.17
-1<e<0 D, :032+0.1 D,,:0.46 +£0.20
400 pm
Tabular to elongate Elongate to distorted
0.5-0.85mm Dcp: 035+0.1 Dvp: 048 +0.16
O<e<t D, :038+0.1 D, :0.55+022
Elongate Elongate to distorted
0.25-0.5mm Dcp; 0.32+0.09 Dvp: 0.64 +0.20
1<@p<2 D, :0.42 +0.09 D, :0.57+0.17
/ ‘wo um
PN Elongate to tabular Elongate or distorted
0.125-0.25 mm e %
2<@<3 @Q ¥) D,,:044+0.1 D,,:0.58+0.19
@ v D,,:0.37 0.1 D,,:0.59 +0.20

200 pm

Figure 3: Clast shape (D.: elongation, also referred to as the deformation index; Rust et
al., 2003; Shea et al., 2010) and bubble shape (D,: elongation) for every phi size
analyzed. Pictures of typical clast morphologies and internal textures are shown.
Subscripts ‘p’ and ‘m’ refer respectively to proximal and medial pits.
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Figure 4: Percent texture by area of SEM images for every phi size analyzed. Vesicles
were classified as rounded, elongate, or distorted. The number of images analyzed (n) is
listed. Smaller clasts tend to have more distorted and elongated vesicles, whereas larger
clasts predominantly preserve domains of rounded vesicles.
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Figure 5: Circularity, deformation (elongation) and orientation of vesicles as a function of
vesicle and clast size. Median a) circularity and b) vesicle elongation as a function of
pyroclast size. ¢) Vesicle elongation, D,, both as functions of vesicle radius in nine
pyroclasts from each size fraction. At least 20 vesicles were counted per bin. The dashed

lines correspond to predicted elongation assuming D, = Ca, where G equals either 10

-2 S-l

(long dashes) or 10 s (short dashes), see Eq. (3). d) Distribution of vesicle orientation
compared to the main direction of alignment as a function of pyroclast size. Note that
alignment is more pronounced as clast size decreases. See Fig. B2 for further explanation.
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Figure 6: Porosity/density as a function of size for clasts 0.125 mm < d < 64 mm (lapilli
to ash). Pumiceous pyroclasts quadruple in density over this range. Standard deviation for
a given point is typically 0.2 - 0.4 g.cm>.

changes in internal texture and density. In this discussion, we first investigate the
potential impact of post-fragmentation processes (secondary fragmentation, compaction,
and expansion) and transport-related sorting on the shape of our size-density profile. We
then justify why we interpret clast size to largely reflect their lateral origin in the conduit
and contextualize our results with other studies. We also investigate the origin of the

multiple heterogeneous juxtaposed textures observed in some of the smallest clasts (Fig.

3). Lastly, we make suggestions for data use in tephra dispersion models.

5.1 Post-fragmentation alteration of pyroclast size

After fragmentation, numerous interparticle collisions, whether inside the conduit
or in the plume, result in sample breakage via disruption, abrasion, and or comminution
(Dufek and Manga, 2008; Dufek et al., 2012; Jones and Russell, 2017), therefore altering

the size distribution of pyroclasts. Numerical simulations of pyroclast disruptive
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collisions in the conduit show that larger pyroclasts tend to be more preserved towards
the center of the conduit, whereas secondary fragmentation of pyroclasts to smaller sizes
is more likely towards the conduit sides (Dufek et al., 2012). Smaller clasts may thus
primarily be the product of the secondary fragmentation of larger pyroclasts. Because of
their smaller sizes, these clasts would contain fewer large vesicles (the mode of the
vesicle size distribution is between 30 and 100 pm (Fig. B.3) and would therefore be
relatively denser than the larger clasts they come from.

To investigate this possibility, three homogeneous clasts >10 ¢cm? were manually
broken with a hammer into smaller pieces that were then subsequently broken until >20
clasts below 0.1 cm?® were produced. For each large sample and at each fragmentation
step, both the size and the porosity of the fragments >2 mm were measured. As all three
experiments produced similar results, we present data for only one clast. Summing a
weighted density of all of the broken particles from manual fragmentation of the original
clast yields a density of 0.58 g.cm?, a value within the margin of error of the density of
the original clast (0.5 g.cm?, see Fig. B.6). Results show that the average density of the
smaller fragments broken from the large clast does not vary in the range ~2-30 mm,
although density becomes more variable (Fig. B.6). As such, secondary fragmentation
alone cannot explain the decrease in clast density with clast size observed for samples >1
cm (Fig. 6). Still, secondary fragmentation did produce smaller clasts with a near-
constant average density down to particles ~1 mm in diameter, potentially emulating the
plateau in density (porosity) observed in Fig. 6 for samples ~1-10 mm. Nonetheless,
secondary fragmentation cannot account for the change of texture (i.e., vesicle shape)

observed with variation in particle size.
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Inter-particle collisions could also compact the rim of colliding clasts, provided
that clasts are still partly molten at the time of impact. Such collisions would reduce
pyroclast size as porous exteriors densify upon impact(s). This compaction effect would
more greatly increase the density of smaller clasts owing to their relatively larger surface
area to volume ratios. If not broken upon impact, these compacted clasts should exhibit
more flattened vesicles towards their rim. To assess whether post-fragmentation
alteration affected final pyroclast size, we compared the internal texture and vesicle size
distributions for the center and rim of lapilli 8-64 mm (Figs. 3; B.3). Inspection of SEM
images of tens of clasts from across this size range show that viscously-distorted and
flattened vesicles exist; however, they remain dispersed throughout clasts in clusters,
rather than being preferentially located towards the clasts rim (Fig. 3). Thus, post-
fragmentation collision-induced compaction is unlikely to have happened on a large scale
during this eruption.

Post-fragmentation expansion can also alter pyroclast size. During this process,
the quickly quenched exterior of a clast preserves its molten interior, providing time for
gas bubbles to grow. The larger the clast, the longer the interior remains insulated, thus
granting more time for bubbles to expand prior to complete quench. Such inflation
increases the overall size of the clast (Gardner, 1996; Mitchell et al., 2018), and may
cause the dense exterior to crack as it accommodates the expansion, thereby creating a
breadcrusted surface (e.g., Wright et al., 2007; Giachetti et al., 2010). Similar to
compaction, expansion causes the core of a clast to be more porous than its rim, a
disparity that should increase with clast size. If pyroclasts are later broken by inter-
particle collisions, the denser rim of compacted or expanded clasts could comprise some
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of the smaller samples, which would partly explain the increase in density with
decreasing pyroclast size (Fig. 6). However, post-fragmentation expansion was also
likely a limited process: both the density and vesicle size distributions of three
representative clasts, which cover two orders of magnitude in terms of clast volume, do
not significantly change from rim to core (Fig. B.3; Table B.1). Additionally, only one
proximal clast of the >700 lapilli analyzed exhibits pervasive breadcrusting; furthermore,
the <15% proximal lapilli with some evidence of light breadcrusting tend to have only

localized fractures on the order of 1 cm or less in length.

5.2 Transport-related sorting

Transport-related sorting could partly control the size-density curve (Fig. 6),
wherein large, lighter particles settle out at the same time as small, dense particles. For a
constant density (0.472 g.cm™, i.e., 80% porosity, typical of the most porous lapilli, or
2.36 g.cm?, i.e., 0% porosity, the density of GM rhyolitic glass), terminal velocities for
centimeter-scale spherical particles are 10-20 m/s, whereas submillimeter scale particles
have terminal velocities of ~1-10 m/s (Fig. 7; Saxby et al., 2020; Bagheri and
Bonadonna, 2016). For a typical Plinian eruption column of 20 km, these terminal
velocities give settling times on the order of 20-30 minutes for centimeter-scale
pyroclasts versus hours for submillimeter-scale particles. Smaller particles in a given bed
could thus in part result from earlier phases, which could bias textural interpretations. We
find that clasts from the medial pit are overall finer than those from the proximal sample
(Fig. B.5), and lapilli from the proximal pit tend to also be denser (Fig. 6). However,
regardless of location sampled, the same sigmoidal density-size trend, and parallel in
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changes in clast shapes and textures, prevail. We therefore interpret our trends to largely
reflect conduit processes rather than sorting mechanics. Additionally, given that data
from a singular bed representing ~3% of the whole proximal pit mirror that of an entire
medial pit, clast shapes and vesicle textures reflect conduit dynamics that largely did not

change over the course of the eruption.

5.3 Clast size and texture reflect lateral sourcing in the conduit

Larger lapilli’s size may have changed after fragmentation via limited expansion
and secondary fragmentation; however, we surmise that the size, shape, and texture
relationships observed in most pyroclasts result from processes occurring prior to, and at
fragmentation. We attribute the increase in density as clast size decreases to the increase
in the proportion of elongate vesicles and general textural variability. We also infer that
clast size actually reflects lateral sourcing in the conduit, wherein larger clasts tend to
preserve rounded-vesicle textures from the interior of the conduit. Smaller clasts result
from higher strain rates at conduit margins, which also elongates the vesicles preserved
therein (Fig. 8). Although vesicles may somewhat relax after fragmentation (Rust et al.,
2003; Dingwell et al., 2016), the preservation of tubular and distorted textures in
pyroclasts of all sizes shows that this process is probably limited, especially in small
samples for which quenching occurs more rapidly.

Because the flow of magma in the conduit prior to fragmentation is laminar (Re <
1-100; e.g., Gonnermann and Manga, 2007), bubbles’ shape and orientation change over

time until they reach a steady geometry. The final geometry of vesicles thus depends on
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the relative effect of shearing stresses versus restoring stresses, expressed as the capillary

number, Ca:

Ca =" Eq. (4)

o

where r (m) is the undeformed vesicle radius, G (s!) is the shear rate, u (Pa.s) is
the melt viscosity, and ¢ (N m™) is the surface tension. Previous studies have shown that
vapor bubbles in silicate melts are expected to reach a stable shape rather than break in
steady shear flow (e.g., Bentley and Leal, 1986), and that effects of surfactants can be
ignored because coalescence textures are abundant in pumice (e.g., Klug and Cashman,
1996) and there are no known surfactants in magmas (e.g., Pal, 2003).

In the case of simple shear and a low-deformation regime (Ca << 1), Rust et al.
(2003) show that vesicle elongation (D,; Eq. 2) equals Ca. We are justified in similarly
exploiting this relationship: during simple shear, bubbles of all sizes are oriented in a
single direction (e.g., Rust et al., 2003; Dingwell et al., 2016), which is largely true for
our data (Fig. 5d). Our results corroborate those of Dingwell et al. (2016), who examine
vesicles in a tubular pumice from the Ramadas Volcanic Center, Argentina. Assuming a
magmatic temperature of 850 °C and a water content of ~1 wt% in the rhyolitic melt at
fragmentation (Giachetti et al., 2020) yields a viscosity of 3x10° Pa s (Hess and
Dingwell, 1996) and a surface tension of 0.17 N m™! (Bagdassarov et al., 2000). We use
these values, along with calculated D, values, to quantify the shear rates that produced
these textures and found 107 s! < G < 102 57! (Fig. 5¢). However, these shear rates are
minimums, as they use D, values derived from 2D rather than 3D data. As pyroclast size
decreases, the vesicles contained therein are progressively more sheared: vesicles in

smaller clasts are less circular (Fig. 5a) and more elongated for all vesicles within a given
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clast (Fig. 5b), corresponding to approximately an order-of-magnitude difference
between average shear rates when comparing sub-mm to cm-scale clasts (Fig. 5¢). We
therefore surmise that the size of pyroclasts created at fragmentation depends on the
radial position in the conduit, wherein larger clasts are sourced closer to the conduit’s
center (Fig. 8). This textural interpretation is corroborated by Ohashi et al. (2018), who
show that at a given depth, D, tends to be higher for bubbles closer to conduit walls
where shear rates are nearly an order of magnitude larger than those recorded in the
center of the conduit. This conduit location-dependency of the size of pyroclast might be
further enhanced by secondary fragmentation, as Dufek et al. (2012) report a higher
probability of disruptive inter-pyroclast collisions (and thus production of smaller clasts)
near conduit margins following fragmentation.

Our interpretations and conceptual model are also consistent with previous
observational work on the texture and shape of pyroclasts. Many studies have interpreted
textural heterogeneities, such as vesicle textures (Polacci et al., 2001; Taddeucci and
Wohletz, 2001; Rosi et al., 2004; Palladino et al., 2008; Pardo et al., 2014; Shea et al.,
2014), as resulting from the flow velocity profile that controls the residence time of
magma in the conduit. Particularly, these studies point out that higher shear would
concentrate magma containing elongate or polylobate bubbles towards conduit margins.
Other studies have also found stick-shaped pumices, which largely contain elongated
vesicles, concentrated in the ash size fraction (Rosi et al., 1999; Larsen et al., 2001;
Polacci et al., 2003; Saxby et al., 2020). These pumices were interpreted to have formed
closer to conduit walls based on their texture and morphology. The aforementioned

studies disparately evaluate variations in texture and morphology or do both but only for
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a narrow range in pyroclast sizes. In studying both the texture and morphology of
pyroclasts for a broad swath of pyroclast sizes, we found that not only do lateral
variations in shear control texture and shape, but pyroclast size as well.

At present, only one study exists that reports size-density trends for multiple pits
for a given eruption. Eychenne and Le Pennec (2012) evaluated changes in pyroclast
density as a function of their size for the 2006 subplinian basaltic eruption of Tungurahua
volcano, Ecuador. Regardless of sampled pit, they report a sigmoidal relationship
between the density of scoria and their size, wherein density increases 1.5% as particles
decrease in size from 23 mm to 0.09 mm. Despite pyroclasts being from two chemically-
distinct eruptions at different volcanoes, vesicular juvenile products have a sigmoidal size
vs. density trend wherein density rapidly shifts over a few phi sizes. However, magma
composition may impact the range of pyroclast sizes over which density rapidly changes.
Eychenne and Le Pennec (2012) see rapid densification over 0.25-4 mm, whereas
pumiceous pyroclasts in this study densify over smaller grain sizes, 0.125-2 mm. As
silicic magmas generally fragment more energetically, total grain size distributions for
mafic eruptions tend to contain <10% by mass fraction of very fine particles (Mastin et
al., 2009) as opposed to silicic eruptions (30-50% particles <100 um; Rose and Durant,

2009). Such energetic differences could result in the difference in size-density trends.

5.4 Syn-eruptive sintering of porous pyroclasts
Less than 10% of proximal ash particles 0.125-0.25 mm preserve singular
domains of highly distorted vesicles, resembling the interstitial spaces between sintered

grains seen in some pyroclastic obsidians from Mono Craters (California; Gardner et al.,
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2017; Watkins et al., 2017) and in ash sintering experiments (Gardner et al. 2018, 2019).
Gardner et al. (2017) interpret obsidian pyroclasts from Mono Craters to be agglomerated
ash particles, which are individually created during magma fragmentation. They then
agglomerate and partly sinter on the conduit walls above the fragmentation level before
being re-entrained into the eruptive column and ejected together with porous material.
Sub-mm-scale particles may thus represent ash agglomerates.

Some of our pumices may have formed by a similar mechanism, wherein they are
pumiceous agglomerates of magma fragments that are a few tens of microns to several
mm in diameter with variable porosities. Nearly 5-10% of our highly vesicular pumices
0.85-8 mm preserve variable amounts of domains of 1) sheared vesicles oriented in
different directions and/or 2) rounded vesicles juxtaposed with domains of sheared
vesicles (Fig. 3). We infer these samples to represent multiple pyroclasts that
agglomerated and partly sintered immediately after fragmentation, in a manner like that
suggested by Gardner et al. (2017). However, given the preservation of porous textures
and overall high porosity of our samples, we believe these clasts did not sit and sinter on
the conduit walls for a few to a few tens of minutes, but rather collided, agglomerated,
and partly sintered quickly inside the conduit while ascending towards the surface. Each
individual pyroclast comprising the agglomerate thus essentially preserves its original
texture acquired before fragmentation. Because disruptive collisions are more frequent
towards the sides of the conduit (Dufek et al., 2012) and because sintering timescale
increases with pyroclast size (Wadsworth et al., 2016; 2019), we believe the interior of
the conduit contains larger individual clasts (d > 8 mm) that are inherently less likely to
sinter to one another (Fig. 9). This is supported by the fact that textural juxtapositions are
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most prominent for 0.85-8 mm, and less so for larger pyroclasts sizes. Further work is
necessary and underway, before such a theory can be confirmed (Giachetti et al.,

submitted).

5.5 Tephra dispersion models

Current tephra dispersion models use simplified linear relationships between
average density and particle diameter, d, for pyroclasts 8 pm < d < 8 mm (Bonadonna
and Phillips, 2003). Pyroclasts <8 um are considered to be pure glass with a density of
2.3-2.6 g.cm™ depending on magma composition, whereas those >8 mm are 70-80%
porous. As in Eychenne and Le Pennec (2012), and as interpolated by Manville et al.
(2002), we report a sigmoidal rather than a linear relationship between density and clast
size. However, not only are data non-linear, the shape of the size-density curve (i.e.,
where the rapid densification with a small decrease in pyroclast size occurs) is variable,
potentially as a result of different magma chemistries and ensuing primary and secondary
fragmentation dynamics. Silicic pyroclasts evaluated herein much more rapidly densify
over a narrower decrease in clast size as opposed to the proposed linear model.

Density and clast shape directly impact the terminal velocity and thus the amount
of time particles remain in the air post-eruption (e.g., Saxby et al., 2020). Here we use the
shape-dependent terminal velocity model of Bagheri and Bonadonna (2016) to compare
terminal velocities for our data versus particles modeled as spherical and having either a)
a constant density or b) a log-linear relationship between size and density (i.e., as in
Bonadonna and Phillips, 2003; Fig. 7). Above 8 mm, the log-linear model also uses a
constant density of 0.44 g cm™, the average density of our largest proximal lapilli. The

constant density models produce the poorest fit to our data, whereas the log-linear model
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produces terminal velocity values within 10% of those calculated using real data. For
example, 1 mm particles from this study and the log-linear model predict ~4 hours for
particles to fall from a 20 km plume, whereas they would take 2 hours using the constant
density model of 0.44 g.cm™. Ash (i.e., particles < 2 mm) typically comprises >30% of
silicic deposits (Rose and Durant, 2009) and represents a long-term hazard that pollutes
air and drinking water (Horwell and Baxter, 2006; Stewart et al., 2006). Given
discrepancies between the constant density models and subsequent calculated fall times,
we recommend using ground-truthed size-density-shape relationships or log-linear

models to improve tephra dispersion models for hazard mitigation.

6. Conclusions

Juvenile, mainly porous pyroclasts usually constitute >70% of the volume ejected
during Plinian eruptions. However, to date and to the best of our knowledge, the study of
the relationship between their size and textural characteristics has been limited: studies
tend to focus either on a few physical properties or a narrow range of clast sizes. Here,
we measure the size, shape and density (porosity) of thousands of pyroclasts spanning
0.125 mm < d < 64 mm. These clasts were taken from proximal and medial pits of the
deposits of the Plinian phase of the 1060 CE eruption of Medicine Lake Volcano,
California. We additionally quantified their inner textures by evaluating vesicle size and
shape distributions in representative samples spanning the same size range. We ultimately

interpret our results in the context of syn- and post-fragmentation processes.
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Fig. 7: Calculations of terminal velocity (Bagheri and Bonadonna, 2016) using data from
pumiceous particles from Glass Mountain (GM) as well as the constant density and the
linear model (L) proposed by Bonadonna and Phillips (2003) for rhyolitic clasts. Clasts
for the constant density and log-linear models are assumed spherical. Average shape
values for a given size fraction are used for GM data.

Our results show that the size, shape, density and texture of juvenile Plinian
pyroclasts are intimately interrelated. As their size decreases from 64 mm to 0.125 mm,
pyroclasts shift from equant to tabular to elongate in shape. While rounded vesicles
dominate the largest clasts, elongate and distorted vesicle networks become progressively
more present with decreasing clast size. Such characteristics are quantified via increase in
elongation and a decrease in circularity of vesicles. Concurrently, juvenile pyroclast

density increases in a sigmoidal manner from 0.47+ 0.2 to 0.8 + 0.2 g.cm™ for the
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proximal pit, and from 0.4 = 0.2 to 0.7 = 0.2 g.cm™ for the medial pit as clasts decrease
from centimeters to sub-millimeters in diameter. This increase in density (decrease in
porosity) is accompanied by a systematic increase in elongated vesicles as pyroclast
become smaller. We also note that clast density is almost constant for clasts in the range
1-8 mm, the range over which pyroclasts preserve variable amounts of differently-
oriented shear domains, as well as domains of rounded vesicles juxtaposed with domains
of shear vesicles.

We show that expansion, compaction and secondary fragmentation did not
significantly change the texture of juvenile pyroclasts after fragmentation, but rather
interpret the size-dependency of density and texture of Plinian pyroclasts to originate
from the lateral position of the magma at fragmentation. Smaller clasts result from higher
shearing closer to conduit walls, where greater shear stresses increasingly fragment
particles and elongate vesicle networks. However, some pyroclasts 1-8§ mm in size likely
originate from the agglutination and partial sintering of smaller ash particles immediately
after fragmentation.

Tephra dispersion models can be improved by incorporating size-density-shape
data rather than constant density models. However, we recognize that at present the
paucity of these data may preclude use of the former. In that case, log-linear models
suffice to produce reasonable terminal velocity estimates. Still, we suggest that future
studies collect data on chemically-similar eruptions to those being modeled,
incorporating size-density distributions and shape evaluation of tens to hundreds of

pyroclasts every 1 phi spanning lapilli to ash in size.
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If our observations and subsequent interpretations of the relationships between
Plinian pyroclast size and textures reveal common to all Plinian eruptions, the traditional
study of 16-32 mm clasts would thus be informative of eruptive processes occurring in
the central part of the conduit only. Consequently, depending on their goal, future studies
would have to consider the full spectrum of clast sizes, from the centimeter- to micron-

scale, in order to fully capture and understand the complexity of conduit processes.
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Figure 8: Conceptual model of pyroclast formation in the conduit: at fragmentation,
smaller clasts are sourced from closer to the conduit wall, where they undergo higher
shear stresses that elongate vesicles and fragment magma more finely. More equant,
larger clasts with less elongated vesicles are preferentially produced towards the center of
the conduit. Measured average clast shape versus vesicle shape are plotted for clasts from
the centimeter (2 mm < d < 64 mm), to the mm-scale (0.5 < d <2 mm) to sub-mm scale
(0.125 mm < d < 0.5 mm) in size. Average clast shape calculated from >100 clasts for
each size range; bubble shape determined from texturally-representative images of
individual clasts from each phi subdivision listed in Figure 3 and subsequently averaged.
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7. Bridge

In Chapter II, I evaluated the characteristics of pyroclasts formed by explosive
eruptions. I contextualized findings with previous works that disparately evaluated such
characteristics as texture and/or shape on a limited size fraction of rock. In
contextualizing this work with those of previous studies, it was clear that pyroclast
characteristics are interrelated and reflect the processes controlling their formation. In
Chapter I11, I leverage this knowledge to shape the methodology of the study. I once
again focus on a singular eruption in detail but add more pit locations. I then apply my
streamlined, precise approach to sample curation by sieving samples every phi size
fraction, and picking consistent size fractions for textural comparison. In this way, I
assess trends on three scales: in fine detail for single samples (i.e. one stratigraphic layer),
in broad eruption-scale detail for a given pit (i.e. layer versus layer), and in whole-deposit
detail wherein we can track variations in depositional conditions. I additionally examine
all juvenile material (i.e. pumiceous and dense) to further broaden the lens through which

we interpret volcanic processes.
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CHAPTER III

LEVERAGING PHYSICAL DATA OF JUVENILE PRODUCTS TO UNDERSTAND
THE EXPLOSIVE-EFFUSIVE TRANSITION

This chapter is being prepared for journal submission. K.R. Trafton and T.
Giachetti conceived the study. K.R. Trafton collected and analyzed the data, wrote the

manuscript, and improved its contents based on the edits of T. Giachetti.

1. Introduction

Explosive volcanism produces myriad hazards, from deadly pyroclastic flows to
widespread ejecta dispersal. In contrast, effusive eruptions can saturate airways with
toxic gases and produce pervasive lava flows, but nonetheless have great humane
consequences. Characterizing such components offers invaluable insights into the
innerworkings of a volcano, allowing for better constraint of hazards.

Eruptive behavior has been interpreted to be controlled by regional stress fields
(Scandone et al., 2007), decompression rate (Alidibirov et al., 1996; Castro et al., 2008),
magma storage conditions (Popa et al., 2021), crustal properties (Jaupart et al., 1991;
Kennedy et al., 2010), and external assimilates (Austin-Erickson et al., 2008). The
properties of the magma itself are also major controls (e.g., volatile content, rheology,
crystallinity; Sparks et al., 1999; Ruprecht et al., 2010; Popa et al., 2021). In general,
characterizing pyroclasts’ physical (Clarke et al., 2007; Mueller et al., 2011; Larue et al.,
2013; Janebo et al., 2018; Davies et al., 2021) and geochemical (Rust and Cashman,
2007; Cassidy et al., 2015; Watkins et al., 2017; Giachetti et al., 2020) signatures gives

diagnostic snapshots of near-fragmentation conduit processes.
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Historic observations at Volcan Chaitén in 2008 (Chile; Castro et al., 2009) and
Cordon Caulle in 2011-2012 (Chile; Schipper et al., 2013, Schipper et al., 2021), the first
and only observations of rhyolitic eruptions, showed that explosive and effusive
volcanism of highly silicic magmas can exist concurrently, despite classically being
considered irreconcilable endmembers (Eichelberger et al., 1986; Jaupart and Allegre,
1991). Recent work interprets hybrid activity to result from the pyroclastic origin of
obsidian, wherein sintered pyroclastic products can partially clog the conduit and effuse
as lava while explosions continue (Wadsworth et al., 2020). Evidence for a pyroclastic
origin of obsidian is based on both textural and geochemical observations. Obsidian
particles found in the tephra deposit of the ~1350 C.E. Mono Craters eruption (CA,
USA), preserve juxtaposed variably-bubbly domains that trap xenoliths (Gardner et al.,
2017) and have variable H20 and CO2 contents (Watkins et al., 2017). Additionally,
rhyolitic lava from the 2008 eruption of Volcan Chaitén, Chile and the 2011-2012
eruption of Cordén Caulle contain ash- and lapilli-choked degassing networks (i.e.
tuffisites; Castro et al., 2012; Paisley et al., 2019; Schipper et al., 2021). Such an
assembly of textural domains strongly suggests that both obsidian pyroclasts and tuffisitic
obsidian lava formed principally by agglomeration and sintering of fragmented products
in the conduit.

The 2011-2012 eruption of Cordén Caulle began violently with >15 km high
Plinian columns (Schipper et al., 2013). The eruption switched to sub-Plinian and then to
Vulcanian events, both styles occurring with concurrent lava effusion (Schipper et al.,
2013). Many other Plinian rhyolitic eruptions ended with a sputtering or pulsatory
behavior that may have also included block-and-ash flows before lava extrusion (e.g. 550
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B.P. Inyo volcanic chain, CA, U.S.A., Castro and Gardner, 2008; Novarupta 1912, AK,
U.S.A., Nguyen et al., 2014; Ogburn et al., 2015, and references therein; Cassidy et al.,
2018, and references therein). Considering these observations, pulsatory behavior may
herald a change to final effusive activity, and its onset may help constrain the duration of
an eruption.

In this study, we examine the 640 C.E. eruption of Newberry Volcano (central
Oregon, U.S.A.), which began explosively with the Newberry Pumice tephra fallout and
terminated by the effusion of the Big Obsidian Flow. With only one transition from
explosive to effusive behavior, it serves as a simple case for examining eruption
dynamics. Previous observations note the presence of lithic-rich layers sandwiching
lapilli layers (Kuehn, 2002) in the upper portion of the tephra deposit, which have been
interpreted to potentially result from co-shed density currents of a sub-Plinian plume
(Rust and Cashman, 2007). Such succession of layers is common in Vulcanian deposits
(Sigurdsson et al., 2015), and to date no work has comparatively examined these ash
layers in the greater context of the lapilli component. Past studies of the Newberry
Pumice fallout deposit examined clast size and distribution (Gardner et al., 1998),
geochemistry (Kuehn, 2002; Rust and Cashman, 2007; Di Genova, 2019),
tephrochronology (Kuehn, 2002), and textures of obsidian pyroclasts (Rust and Cashman,
2007). However, detailed textural analyses of the pumice that comprises >95 wt% of the
fallout (Rust and Cashman, 2007) have yet to be done. To this extent, we perform such
physical analyses, including external texture, density, and mass distribution of pumiceous
lapilli and ash layers spanning 4 pits roughly along the main dispersal axis of the
Newberry Pumice. The crystal-poor nature of the magma (Kuehn, 2002) allows for
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largely unfettered observation/analysis of characteristics. We then amalgamate our study
with those of previous authors (MacLeod et al., 1995; Kuehn, 2002; Rust and Cashman,
2007) to holistically examine how the 640 CE eruption of Newberry volcano eruption
transpired. Ultimately, we contextualize our model of the explosive-effusive transition
with those of the greater community (Cassidy et al., 2018; Wadsworth et al., 2020) and
assess Vulcanian behavior as a potential harbinger for hybrid explosive-effusive activity

during rhyolitic eruptions.

2. Geologic Setting
2.1 Locality

Newberry Volcano (central Oregon, U.S.A) is a shield-shaped composite volcanic
complex that lies slightly east of the Cascade volcanic arc at the intersection of the
Walker, Brothers, and Sisters fault zones (Fig 1a; Walker and MacLeod, 1991; Jordan et
al., 2004). Newberry results from either hot spot (Xue and Allan, 2006) or, as recently
proposed, subduction-related volcanism (Till et al., 2013). It tends to erupt every ~1,000
years (Gardner et al., 1998) and is classified as a very high threat volcano by the United
States Geological Survey (Ewert, 2007; Ewert et al., 2018). Tomographic imaging of the
underlying structure reveals a likely magma chamber 3-5 km below the surface (Heath et
al., 2015).

Newberry has produced myriad and varied eruptions, both in terms of volume and
magma composition. It is the second most voluminous volcano in the Cascades (~500
km3) and has hundreds of volcanic vents and cones (Donnelly-Nolan et al., 2011), having

erupted explosively over 50 times in the past 600,000 years. Fallout from these explosive
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eruptions at Newberry has been found in five states across the western U.S.A. (Kuehn

and Foit, 2006). Mafic lava flows and scoria cones swath the flanks of the volcano and

extend ~100 km from the actual caldera that formed ~75,000 years ago (MacLeod et al.,

1995).
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Volcano, where black lines are isopach lines delineating entire deposit thickness for its
1300 BP eruption. R&C (2007) refers to Rust and Cashman (2007)’s sample site, which
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isopach line.
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2.3 The 640 C.E. Big Obsidian eruptive period

The most recent eruption of Newberry was the 640 C.E. Big Obsidian Flow
eruptive event. It began explosively with tephra fallout (the Newberry Pumice; 0.4 +/- 0.2
km? non-DRE; Kuehn, 2002) and terminated effusively with lava extrusion (the Big
Obsidian Flow; 0.1 km?; Sherrod and MacLeod, 1979). The focus of this study is the
Newberry Pumice. The Newberry Pumice forms a singular ellipse elongated east-
northeast from the interpreted vent in the southern tip of the Big Obsidian flow (Fig. 1b).
The 0.25 m isopach extends ~60 km from the caldera towards Brothers, OR (Kuehn,
2002; MacLeod et al., 1995). The Newberry Pumice attains an estimated near-vent
thickness of >13 m, where 1 m blocks can be found (Sherrod et al., 1997).

The main components of the Newberry Pumice deposit are juvenile pumice and
obsidian pyroclasts, and lithics. Pumices lapilli are generally light gray, though some
richer in microlite appear as a darker gray. Obsidian pyroclasts appear as translucent to
black dense chips. Lithics include mafic, red/brown/gray mafic scoriaceous and dense
clasts (Kuehn, 2002; Rust and Cashman, 2007; this study). The Newberry Pumice is
notably distinguishable from the yellow-orange deposit of the underlying 5670 BCE
climactic eruption of Mt. Mazama-Giiwas (Klug et al., 2002).

The Newberry Pumice has been previously divided into two units, the Lower
Pumice (LP) and the Upper Pumice (UP), separated by an ash horizon and distinguished
by a change in obsidian textures (Rust and Cashman, 2007) and/or marked change in
clast size (Kuehn, 2002). Both phases were erupted in roughly the same direction
(northeast), but the UP is slightly more northerly (Fig. 1c-d; Kuehn, 2002; this study).
The LP also tends to be thicker, more well-sorted, and supported by larger lapilli (Kuehn,
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2002). The Newberry Pumice has been interpreted to be from a single Plinian event
(Gardner et al., 1998), wherein ash is co-surge deposits, but more recent interpretations
favor a two-phase Subplinian event (Kuehn, 2002; Rust and Cashman, 2007) with the
first ash layer representing a hiatus and deriving from a plug and fallback (Rust and
Cashman, 2007). Subsequent layers have been suggested to represent density currents
shed from the plume (Rust and Cashman, 2007).

The Paulina Lake ash flow was also emplaced after tephra deposition and is found
in exposures on the south shore of Paulina Lake and the south caldera rim (Kuehn, 2002).
It is comprised of poorly-sorted ash and pumiceous lapilli (MacLeod et al., 1995),
exhibits bedding in the lower half of the deposit, and varies in thickness from 0.5 to 2 m
(Kuehn, 2002). The ~1.8 km long Big Obsidian Flow, which constitutes the final phase of
this eruption, is within the caldera and attains thicknesses > 20 m (Fig. 1b; Sherrod et al.,
1997). The Newberry Pumice, Paulina Lake ash flow, and the Big Obsidian Flow are all
highly silicic (72.8% SiO»; Macleod et al., 1995) and geochemically identical in terms of
major element composition (Kuehn, 2002), further supporting the idea that they are all

part of a single, protracted eruption.

3. Methodology

Fifteen pits were dug dispersed across the deposit, including several pits located
roughly on the main dispersal axes of the LP and UP (Fig. 1b-d). At each location, the
entire Newberry Pumice deposit was excavated and divided in subunits, which were then
measured for thickness, described in detail, photographed, and ultimately sampled. Bulk
samples (of several hundred grams of tephra) were taken from varying stratigraphic
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heights at each pit and stored in plastic sample bags. Samples from four pits located on
the dispersal axis (totaling 37 samples; Fig. 2) were analyzed for componentry, mass
distribution, and texture. For one pit (KT-10a), we also measured the density of 100
lapilli from 5 samples scattered across the whole Newberry Pumice section. One pit is
proximal (5.8 km from inferred vent, two are medial (10.4 km, 12.7 km), and one medial-
distal (16.8 km).

The same sample preparation and analytical procedure were used for all the
samples. First, each sample was sieved every phi from 3 to -5 ¢ (0.125 to 32 mm), where
¢ = —logz(d) and d is particle equivalent diameter in millimeters. Each sieve fraction was
1) ultrasonicated for five minutes, 2) dried overnight at 100 °C to remove adsorbed water,
and 3) weighed using a high precision balance. Point count componentry done on 100-
450 clasts every size fraction (every ¢), wherein individual grains were designated as
pumice, obsidian, or lithics (Fig. 3). Obsidian may appear as clear glass (Fig. 3c), but it is
geochemically identical to black obsidian (Rust and Cashman, 2007). Any larger size
fractions wherein the lack of sample precluded a statistically robust analysis was noted.

For pumice lapilli 8-16 mm (-4 < ¢ < -3), we evaluated exterior texture under a
microscope for 50-100 clasts every ¢. We noted whether each lapillus exhibited
breadcrusting/fractures, banding of alternating obsidian-like and pumice-like textures,
microphenocrysts/xenocrysts, or evidence of sintering, wherein clasts appear to be
amalgamations of smaller clasts, exhibiting juxtaposed texturally-distinct domains that
trap oxidized ash and/or lithic material (Trafton and Giachetti, 2021; Giachetti et al.,

2021; Fig. 3d, e). We also recorded whether the clast texture was predominantly tubular
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(i.e. largely comprised of elongate bubbles; Fig. 3f), or homogeneous (i.e., containing
more spherical bubbles).

For pit KT-10a (Figs. 1, 2), we measured the volume of >100 lapilli per sample
for five samples collected 15-40 cm apart vertically. These lapilli are all within the same
¢ (8-16 mm in diameter ) per suggested methodology (Houghton and Wilson, 1989; Shea
et al., 2010). Clast density was directly obtained using the classical immersion method
(Houghton and Wilson, 1989) or, for smaller clasts, calculated by dividing the mass of
the clast using high precision balance by its volume via a Microtrac PartAn 3D particle
size analyzer (Trafton and Giachetti, 2021). We report and plot data in terms of both
density (p) and porosity (a), and similarly report size in terms of diameter (d), volume

(V), and phi size (¢). Clast porosity, a in %, is given by

a =100 xM/psxV (1)

where M is the mass of a particle, V its volume, and ps = 2.32 +/- 0.01 g cm 3 is the

density of the solid phase (Giachetti et al., 2021). We assume a density of air of 0 g cm™.

4. Results

Rust and Cashman (2007) and Kuehn (2002) divided the Newberry Pumice
stratigraphy into two sections, the Lower Newberry pumice (LP) and the Upper
Newberry pumice (UP). At any given proximal or medial pit investigated, the LP

comprises ~60 +/- 5% of the total Newberry Pumice deposit, and presents as a relatively
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clast wherein clasts with disparate bubble domains are juxtaposed (i.e. tubular and
~spherical). f) A tubular pumice — an elongated clast with elongated vesicles.

coarse, singular package of pumiceous lapilli. The UP is also largely pumiceous but
exhibits alternating packages dominated either by lapilli- or ash-sized particles (Fig. 2).
We further divide UP into UP1 and UP2, wherein UP2 is the final lapilli-dominated layer
and UP1 contains intermittent lapilli and ash layer packages. We do this as UP1 is
texturally distinct from UP2, containing obsidian with highly variable textures (i.e., with
xenocrysts, trapped clasts, and/or juxtaposed domains of spherical versus distorted

bubbles; Table 1; Rust and Cashman, 2007). UP2 also has a much higher amount of
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obsidian in general, an observation also made by Rust and Cashman (2007). We thus
present results in terms of the “LP,” “UP1,” and “UP2” sections of the deposit. We also
amalgamate data from all ash layers given their similarity in componentry, color, and

mass distribution (Fig. 4). Results are summarized in Table 1.

4.1 General trends

Regardless of section, pyroclast size is positively correlated with pumice content,
from 30-55% pumice at ~0.25 mm to 95-100% pumice for clasts larger than ~1 cm (Fig.
4). Conversely, size is inversely correlated with lithic and obsidian content. At the
smallest size fraction analyzed (¢ = 2-3), pumice content suddenly increases while lithic
content decreases. No obsidian clasts larger than 16 mm was found for any section from
the pits surveyed; however, more proximal pits do have obsidian of this size (Rust and
Cashman, 2007). Less than 1% of the >3000 pumiceous clasts surveyed exhibited

obsidian banding or breadcrusting. Less than 3% contain macroscopic crystals.

4.2 Lower Newbery Pumice (LP)

The lower deposit is one continuous pumice-supported package whose grading
changes with distance from the vent from normal grading (KT-2A, most proximal), to
reverse grading (KT-10A), to no obvious grading (KT-17A and KT-20A, Fig. 2). The LP
also contains the most pumice and least obsidian and lithics (Figs. 4, 5). Pumices in this
layer are also the least dense (median density: 0.61 +/- 0.11 g cm™; Figs. 5, 6a). The mass
distribution tends to be sigmoidal wherein the mass is predominantly composed of lapilli-

sized clasts (Fig. 5, 6b). It tends to also have the most tubular pumice clasts overall (more
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than twice as many tubular as homogeneous pumices; Fig. 5). The fraction of sintered

clasts is similarly high, up to 30% of all lapilli exhibiting this texture.

4.3 Upper Newberry Pumice 1 (UPI)

4.3.1. Lapilli-dominated layers

The lapilli-dominated layers of UP1 are generally less coarse than those of LP
(Fig. 5, 6b). Proximal to medial deposits may exhibit several packages of a few to ten-
centimeter-thick layers that are massive or reversely graded (Fig. 2). These layers contain
an increasingly high mass fraction of obsidian pyroclasts and lithics as compared to the
LP (Fig. 5). The amount of tubular pumice is highly variable but on average contains
fewer tubular lapilli than compared to the LP (Fig. 5). Pumiceous lapilli are also denser
than in the LP (median density: ~0.70 + 0.14 g cm-3; Fig. 6a). The mass distribution
shifts to lower sizes and exhibits a bimodal distribution with one peak at ¢ ~ -2+0.5 and

the other at ¢ ~ 0.5 (Fig. 6b), with median diameter around 1 cm.

4.3.2. Ash-dominated layers

The ash layers appear in the upper third of UP1 and are a few centimeters thick at
most (Fig. 2). They appear grey to mahogany brown in the field and tend to be riddled
with roots, particularly just below UP2 (Fig. 2). The number and thickness of the ash
layers vary from pit to pit (none to seven), as closer locales wherein larger clasts were
deposited may have resulted in the erasure of delicate ash layers (Kuehn, 2002). The first

centimeter(s)-thick ash layer above the first few packages of upper lapilli layers in UP1 is
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used as a datum to correlate three of the pits based on its componentry, color, and
consistent thickness in proximal and medial pits (Fig. 2). The componentry of the ash-
dominated layers is like that of their lapilli-dominated counterparts in UP1, albeit with a
slightly higher portion of lithics and pyroclastic obsidian. Proportions of homogeneous to

tubular clasts can be variable or consistent depending on the pit (Fig. 5).

4.4 Upper Newberry Pumice 2 (UP2)

The UP2 section is a lapilli-dominated layer that is slightly finer than the lapilli-
dominated layers that comprise most of UP1 (Fig. 5). This layer coarsens upwards in
proximal and medial pits (Fig. 2), a feature that is less evident as distance from the vent
increases. UP2 is relatively saturated in lithics and markedly so in obsidian pyroclasts
compared to all underlying layers, ash included (Fig. 4). On average, UP2 contains
similar amounts of tubular clasts to LP (Fig. 5). Pumiceous lapilli have a more
widespread distribution of densities but overall are denser than underlying layers (0.72 g
cm-3 +/- 0.16; Fig. 6a). The mass distribution is like that of UP1, albeit with a less

pronounced bimodality, with a main peak at ¢ = -1.5 and another at ¢ = 0.5 (Fig. 6b).

5. Discussion

The main characteristics of all three sections are summarized in Table 1 and

discussed below.
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5.1.LP

The first section of the Newberry Pumice deposit contains well-sorted lapilli that
are predominantly pumice (Figs. 4, 5, 6a), evidencing a steady plume. Based on our,
Kuehn (2002), and Rust and Cashman (2007)’s thickness data (Fig. 1), we drew isopach
maps for LP and calculated the volume of the LP phase using a Weibull function
(Bonadonna and Costa, 2013; Fig. A1). We found the amount of expelled during this
phase to be 0.88 km3 non-DRE (0.2-0.4 km3 DRE), indicative of a sub-Plinian-sized
eruption (Sigurdsson, 2000).

The concentration of tubular clasts in LP is relatively high (55-65%; Fig. 5). Such
predominance of tubular lapilli indicates higher ascent rates (Taddeucci and Wohletz,
2001; Palledino et al., 2008) that prevail even into the center part of the conduit, in which
elongated bubbles are preserved in cm-scale clasts (Trafton and Giachetti, 2021). The
greatest number of clasts showing evidence of amalgamation and partial sintering (10-
35%; Fig. 5) also indicates that inter-clast collisions occurred while clasts remained
partly malleable, which can occur in (sub-)Plinian eruptions wherein the timescale of
sintering of ~50 s is on par with the ascent timescale ~10-60 s (Giachetti et al., 2021). At
the same time, disruptive break-up may be comparatively low as there is only one main
peak in the particle size distribution (Fig. 6b), as would result from relatively shallow
fragmentation zone and efficient fluidization of the packed beds of pyroclasts after
fragmentation (Dufek et al., 2012; Giachetti et al., 2021). The observation that LP pumice
lapilli tend to be more porous and preserve large bubbles (Fig. 7a, b) is also consistent
with shallow fragmentation as it allows for more time between bubble nucleation and

sample quench (Gonnermann and Manga, 2007).
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While pumice lapilli record dynamics closer to the inner conduit (Trafton and
Giachetti, 2021), obsidian pyroclasts capture conduit margin dynamics (e.g., Gardner et
al., 2017; Watkins et al., 2017). The Newberry 640 CE Big Obsidian event, similar to the
1325-1350 CE North Mono Craters eruption in scale and eruptive style (Gardner et al.,
2017; Sieh and Bursik, 1986), preserves obsidian pyroclasts that may in part derive from
ash amalgamation and advanced sintering along conduit margins (Gardner et al., 2017;
Wadsworth et al., 2020). The water content in pyroclastic obsidians in LP is extremely
limited (<1 wt%), especially compared to the UP (1-6 wt%). Moreover, the limited
breadth of water content preserved in LP clasts suggests shallow formation of these
obsidian pyroclasts (<1 km depth; Rust and Cashman, 2007), consistent with a shallow

fragmentation of magma.
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5.2 UPI

We interpret the Newberry 640 CE Big Obsidian event to move towards a
pulsatory, Vulcanian-like explosive activity starting with phase UP1. Multiple packages
of characteristically similar lapilli are sandwiched among ash layers, evidencing an
intermittently stable plume or series of discrete plumes. We estimate the total amount of
magma expelled during the UP phase (including both UP1 and UP2) to be 0.54 km3
(non-DRE). Near vent pits exhibit at least seven ash layers (Kuehn, 2002). Assuming ash
layer divide discrete pulses, we estimate the amount of magma expelled in each pulse is
thus estimated to be ~0.05-0.1 km3 non-DRE. Vulcanian eruptions are comparable to
sub-Plinian eruptions in terms of dispersal area; however, they have tend to have more
fine material, which we do see here (Fig. 6; Walker, 1973; Cas and Wright, 1986; Fig. 6).

Rust and Cashman (2007) interpret the first ash layer above LP to be from plug
material and welded fallback, while subsequent ash layers would derive from density
currents shed from a somewhat instable though still vigorous sub-Plinian column. They
interpret lapilli layers in UP1 to preserve episodes of vent widening given that 1) lapilli
layers in the UP coarsen upwards (which we also see in proximal and medial pits) and 2)
there is an increase in the variability of textured obsidian during this phase. Although the
first ash layer at the LP-UP1 boundary described by Rust and Cashman (2007) is not
preserved in our pits, we find the consistency in componentry among following ash layers
to suggest similar eruption dynamics throughout the UP1 (Fig. 4). We thus interpret all
the >7 reversely graded lapilli-dominated layers and associated overlying ash-dominated
layers to represent Vulcanian-like episodes. We note an increase in the quantity of lithics
in the lapilli-dominated layers of UP1 (14-22 wt%) compared to LP (<12 wt%; Fig. 5).
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Phase LP UP1 V] ]
O @ @
Packages 1 1-7 1
Volume 0.88 km® non-DRE 0.54 km* non-DRE
Plume Height 18 km 18 km or less
Eruptive style Stable subplinian Vulcanian
Componentry Least obsidian More obsidian Most ObSidian’. lithics
Least pumice
Largest grains More ash-sized AND Bimodal split:
GSD Lapilli-dominated grains one peak at
Sigmoidal GSD ash, one at lapilli
Least dense More dense
Densit (m:0.59,0.63gcm?) (m:0.64,0.73 g cm?) Most dense (m:0.72 g cm?)
y Least spread More spread Widest spread (std: 0.16)
(std: 0.125, 0.1) (std: 0.14, 0.14)
Least sintered
. Most sintered (up to 50%) Less sintered (down to 0%)
Pumice Texture
Most tubular (~50-60%) Less tubular Least tubular
(down to 35%)
Black (60-80 wt%) Variable (all ~10-30 wt%) Black (~65 wt9%)
Obsidian Textures Grey, microlite-rich Blal.d:]' greﬁ, clear, Grey (~20 wt%)
(20-40 wt%) xenolith- and pumice- Xenolith-bearing (~15%)
bearing

Table 1 Summary of physical attributes of juvenile products of the Big Obsidian period
by phase.
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Figure 7 Pictures of internal and external texture. SEM images of a typical pumiceous
clast from a) the LP and b) the UP. Found on the Big Obsidian Flow <1 km from the
interpreted vent (Kuehn, 2002), composite bombs (Schipper et al., 2021) include ¢) flow
tuffisite, in which the ash-filled veins choked with lithics and pumiceous clasts directly
contacts dense, black glass, and d) Ballistic tuffisite, in which an ash matrix sinters
together blocks (Tuffen and Dingwell, 2005; Castro et al., 2014). Camera lens cap for
scale in d.

Ash layers contain even higher amounts of lithics (20-28 wt%), which could be from
energetic plug ruptures that would finely fragment material and incorporate higher
amounts of degassed magma (Wright et al., 1980; Cas et al., 1987). The slight increase in

pyroclastic obsidian content in UP (~1 wt% in lapilli-dominated layers, 3-6 wt% in ash

layers; Fig. 5) compared to LP also suggests that amalgamation and advanced sintering of
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ash occurs in parts of the conduit (Gardner et al., 2017), with more conduit erosion
occurring during UP compared to LP.

Fewer tubular pumices on average are also found in the UP compared to the LP,
which could result from a switch to a top-down style of fragmentation in which sudden
depressurization of magma following plug rupture drives rapid volatile exsolution, soon
followed by magma fragmentation (i.e., Vulcanian style; e.g. Wright et al., 2007; Druitt
and Kokelaar, 2004; Giachetti et al., 2010). Such fragmentation would result in less time
for magma to be sheared prior to quench as compared to during continuous rapid ascent
as during sub-Plinian activity. This interpretation would also explain the lower median
porosity of pumice lapilli in UP1 (70-74%) compared to LP (74-75%) observed at pit
KT-10A (Fig. 5; Mueller et al., 2011). However, the decrease in the proportion of tubular
pumice lapilli may also be a consequence of a lower surface area/volume ratio of the
magma to the conduit if the upper latter had enlarged as compared to during the sub-
Plinian activity of LP (Ohashi et al., 2021), as suggested by the increase in lithics and
obsidian pyroclasts in UP compared to LP.

Bimodal grain size distributions are often interpreted as evidence for ash
aggregation (Miwa et al., 2020; Janebo et al., 2018; Carey and Sigurdsson, 1982). Here,
however, the bimodality is evident not in fine ash (fines peak often around 0.03125 <d <
0.125 mm), but in the coarse ash fraction (0.5 <d <2 mm) for lapilli-dominated layers
(Fig. 6b). The bimodality of mass distribution in these UP layers is thus interpreted to
evidence secondary fragmentation by interparticle disruptive collisions, which impact
more cm-scale clasts and whose frequency increases with depth of fragmentation (Dufek

et al., 2012). Secondary fragmentation may have been amplified by an increase in welded
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fallback and agglutinated ash on conduit margins. Such lateral ash build-up would lead to
the creation of a nozzle in the upper part of the conduit that would engender interparticle
collisions (see Fig. 2b-c in Wadsworth et al., 2020). This interpretation is consistent with
the sudden presence in UP1 of obsidian sintered to xenoliths and pumiceous clasts (see
our Fig. 5 and Fig. 2 in Rust and Cashman, 2007), and the increase in black obsidian

relative to other types over the course of the UP1 (Fig. 2 in Rust and Cashman, 2007).

5.3 UP2

We interpret the UP2 section as one last Vulcanian event capturing the transition
in eruption dynamics prior to effusive-only behavior and the emplacement of the Big
Obsidian Flow. Compared to UP1, the sharp increase in obsidian (>8 wt% compared to
~1 wt% in UP1 at KT-10A) and slight increase in lithic content (27 wt% in UP2
compared to 14-22 wt% in UP1) captures a final efficient explosion that excavated more
wall material relative to magma (Fig. 5). Lapilli are also the most variably dense (Figs. 5,
6a), perhaps resulting from magma fragmented over a wider range of conduit depths
(Clarke et al., 2007). The bimodal GSD suggests high secondary fragmentation as would
result from a highly collisional regime.

As bubbly magma was fragmented during UP2, co-effusion of degassed lava may
have begun. Wadsworth et al. (2020) proposed that pervasive and advanced ash-scale
sintering can ultimately result in effusive behavior, arguing that evidence for such a
process is preserved in obsidian pyroclasts and tuffisites, ash-filled veins that facilitate
degassing. In UP2, the final phase of the 640 CE eruption of Newberry, we observe a
marked increase in obsidian content at all sizes (Figs. 4, 5). According to Rust and
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Cashman (2007), these obsidian pyroclasts are also predominantly black obsidian whose
volatile contents remain consistent with shallow depth formation (Rust and Cashman,
2007). The overall increase in obsidian, as well as the relative lack of xenocrystic
material preserved in obsidian, suggests a marked build-up of obsidian forming laterally
farther from conduit margins. This obsidian had more time to evolve texturally before
excavation (Gardner et al., 2017). It is thus not unreasonable that UP2 occurred while the
Big Obsidian Flow was already partly emplaced. We find ballistic and flow obsidian
tuffisites <l km from the interpreted vent (Kuehn, 2002) on the Big Obsidian Flow (Fig.
7), which would have been ejected during UP2, and which is consistent with this
hypothesis. Thus, could effusive behavior have begun, with tuffisitic veins increasingly
promoting degassing to facilitate the switch to final effusive behavior (Tuffen et al.,
2003; Wadsworth et al., 2020). We additionally note finding breadcrust bombs <2 km
due east from the vent, common products of Vulcanian explosions (Wright et al., 2007;

Giachetti et al., 2010).

5.4 The continuity of the 640 CE eruption at Newberry

We summarize our interpretation of the continuity of the 640 CE eruption of
Newberry in Figure 8.

Given the deposit extent (Fig. 1), predominance of pumiceous lapilli (Fig. 2), and
grain size distribution (Fig. 6b), we interpret the LP to represent a relatively stable sub-
Plinian plume after initial vent widening (Fig. 8a). The consistently high and relatively
constant porosity of juvenile porous material, low amount of obsidian and lithics (Fig. 4),
and homogeneity in obsidian texture (Rust and Cashman, 2007) additionally suggest
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relatively stable conduit conditions. The higher porosity (Fig. 6a) and population of cm-
scale bubbles in lapilli (Fig. 7a) can be tied to shallow fragmentation that would have
allowed more time for bubbles to grow. Shallow fragmentation is also consistent with
volatile content of obsidian pyroclasts found in the LP (Rust and Cashman, 2007).
Aggregation and sintering of ash occur on the conduit edges, above the level of
fragmentation (Gardner et al., 2017; Wadsworth et al., 2020), but excavation of these
syn-eruptively formed obsidian is limited during this first phase of the eruption.
Following a cessation in surface activity during which magma slowly rises and
degasses within the conduit (Fig. 8b), the eruption changes to be more pulsatory in nature
as evidenced by the multiple packages of lapilli sandwiched by ash layers. Ash layers
may derive from small plugs of degassed magma (UP1; Figs. 2, 8c). This succession of
Vulcanian-like pulses ejected a total volume of ~0.5 km3 of tephra wherein each pulse is
<0.1 km3. Breadcrust bombs found <2 km from the vent support a Vulcanian style of
ejection (Wright et al., 2007; Giachetti et al., 2010). Reverse grading of lapilli layers (Fig.
2), variability in tubular lapilli (Fig. 5), incorporation of xenocryst-bearing obsidian
pyroclasts (Rust and Cashman, 2007), and relative increase in obsidian pyroclasts (Fig. 4)
all suggest phases of conduit opening and excavation wherein obsidian was largely
scraped from the margins where it had formed after initial fragmentation during the
earlier phase of the eruption (LP and earlier UP1 events). Denser lapilli (Fig. 6a) may
derive from conduit margin fallback (Kennedy et al., 2005) and the sampling of variably-
degassed magma during Vulcanian pulses. The shift of the shape of the GSD to a bimodal

distribution (Fig. 6b) may be the result of enhanced secondary fragmentation from
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increased interparticle collisions from such fallback and/or a narrowing upper conduit
from agglomerated ash (Fig. 8b).

Co-effusion of lava likely began during UP2, the final explosive event (Fig. 8e).
Tuffisitic material preserves juxtaposed porous and dense veins (Fig. 7c, d), indicating

degassing promoted through obsidian-plastered conduit margins. In UP2, the overall
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amount of obsidian drastically increases (Fig. 4), particularly black obsidian (Rust and
Cashman, 2007), suggesting a marked build-up of such sintered material that had time to
texturally relax (Gardner et al., 2017) and could have ultimately resulted in lava effusion.
Reverse grading (Fig. 2; Kuehn, 2002; Rust and Cashman, 2007), a sigmoidal GSD
typical of secondary fragmentation (Fig. 6b), and a further increase in lithics compared to
UP1 (Fig. 4c) are additionally consistent with the excavation of a conduit refilling in
between explosive events. Following efficient degassing by tuffisitic pathways and
excavation of the conduit, the eruption ultimately transitioned to predominantly effusive

behavior, and the Big Obsidian Flow was emplaced (Fig. 8f).

5.5. Comparison with the 2011-2012 eruption of Cordon Caulle

The eruption of Cordén Caulle in 2011-2012 began with a Plinian explosion that
erupted rhyolitic tephra ~14 km into the atmosphere above the summit (Collini et al.,
2012). The plume fluctuated between 3-10 km high for the next 7-9 days (Collini et al.,
2012). Ballsitic ejection began after 3 days and continued with column-scale tephra
dispersal ~6 days (Pistolesi et al., 2015). For the last two days, ballistic intensity spiked,
after which hybrid explosive-effusive activity started with lava emerging from the same
vent as that which produced tephra , about 10 days after the onset of the first Plinian
explosion (Castro et al., 2012; Silva Parejas et al., 2012; Castro et al., 2013). We interpret
the 640 CE eruption of Newberry Volcano to have proceeded similarly judging by the
intensity of the eruption (initial plume height: ~18 km; Rust and Cashman, 2007), its
continuity, and the similarity in sedimentological characteristics of the erupted products.
The 2011 Cordon Caulle eruption, like that of Newberry Volcano, has an increase in ash-

71



dominated layers, heterogeneous juvenile clasts (e.g., for Cordon Caulle, seen in banded
pumice, crystals) and obsidian, and denser lapilli in the latter half of the explosive phase.
Products for both eruptions are also all interpreted to result from a single vent (MacLeod
et al., 1995; Kuehn, 2002). Based on the similitude between the two eruptions, we thus
surmise that the predominantly explosive phase of the 640 CE eruption of Newberry
Volcano (LP, UP1, and UP2) lasted a few tens of hours to several days at a maximum.
Wadsworth et al. (2020) and Schipper et al. (2021) point to sintering of recently-
fragmented juvenile material as driving the transition in activity from explosive to hybrid
to effusive. Schipper et al. (2021) investigated the textures of composite bombs produced
during the change from pure explosive to hybrid activity at Cordon Caulle. These bombs
capture high-energy fragmentation as 1) their matrix is ash-dominated with components
of the bombs potentially deriving from finely fragmented material (Gardner et al., 2018;
Giachetti et al., 2021; Wadsworth et al., 2021) and 2) higher energy is required to
fragment the sintered material, as it is less porous (Spieler et al., 2004). Schipper et al.
(2021) thus suggest explosivity was self-extinguishing, wherein efficient fragmentation
enhanced the efficacy of sintering until effusive behavior prevailed. However, they note
that this does not mean that extrinsic properties did not affect the transition (e.g., magma
ascent rate; Cassidy et al., 2018). At Newberry, we envision a similar self-extinguishing
of eruptive behavior, wherein an obsidian-clad conduit permits hybrid activity until a
final energetic burst leads to final obsidian effusion (i.e., the Big Obsidian Flow itself).
We find ballistic breadcrust bombs in UP2 as would result from energetic Vulcanian plug
ruptures, while composite bombs on the obsidian flow evidence a high-energy,
pyroclastic origin of obsidian. Volatile contents in the UP2 preserve a very shallow depth
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of formation of products (as shallow as 0.2 km below the surface; Rust and Cashman,

2007).

6. Conclusion

Based on sedimentological characteristics and physical aspects of juvenile
products, we interpret the explosive phase of Newberry Volcano’s 640 CE explosive
phase to have transitioned from a relatively-stable sub-Plinian phase to Vulcanian-like
pulses. The last Vulcanian event probably occurred at the same time as the onset of the
final effusion of degassed lava. The progression of the eruption is similar to that of the
only two witnessed eruptions of crystal-poor rhyoltic magma at Chaiten and Cordén
Caulle (Chile; 2008 and 2011-2012, respectively), suggesting a commonality in eruption
progression for silicic crystal-poor eruptions. Works in progress at Medicine Lake (Glass
Mountain eruption; crystal-poor rhyolite; Giachetti and Shea, in prep) and Mount
Mazama-Giiwas (Cleetwood eruption; Wiejaczka and Giachetti, in prep) are consistent
with this observation. When interpreted through the lens of recent advanced in conduit
studies (Gardner et al., 2017; Cassidy et al., 2018 and references therein; Wadsworth et
al., 2020; Schipper et al., 2021; Ohashi et al., 2021), these new data, together with
previous work on the same eruption (Gardner et al., 1998; Kuehn, 2002; Rust and
Cashman, 2007), support the interpretation that Newberry Volcano was modulated by
cycles of ash agglomeration, sintering, and excavation along conduit margins. Co-
explosive-effusive behavior may be more prevalent than previously thought, and its
record may only be evident by thoroughly examining both dense and porous endmembers
of juvenile tephra.
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7. Bridge

The past two chapters have focused on eruptions at Cascade Volcanoes — those of
Medicine Lake Volcano and Newberry Volcano. Chapter IV uses samples from these
same eruptions and contextualizes them with those at Crater Lake. While Medicine Lake
Volcano and Newberry Volcano had eruptions similar in scale, those of Crater Lake were
significantly more voluminous. Still, despite differences in eruptive scale, all eruptions
are highly silicic and produced porous pyroclasts that preserve textural evidence of inner
volcanic processes. Chapter IV rethinks a common viewpoint on the formation of
pyroclasts — namely, that they are assembled and don’t simply result from one
fragmentation and cooling event. Nay, they are the products of potentially myriad
fragmentation, collision, and agglomeration events. Such results, as with those of the
other studies, has implications for our view of pyroclasts in the greater context of

volcanic processes.
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CHAPTER IV

THE PRODUCTS OF PRIMARY MAGMATIC FRAGMENTATION FINALLY
REVEALED BY PUMICE AGGLOMERATES

This manuscript was published in Geology under the title, “The products of
primary magmatic fragmentation finally revealed by pumice agglomerates.” The
manuscript was co-authored with T. Giachetti, J. Wiejaczka, J. Gardner, J. Watkins, and
H. Wright. T. Giachetti, K.R. Trafton and J. Wiejaczka gathered and analyzed data. T.
Giachetti wrote the manuscript, and all authors provided revisions and rigorously debated

the science.

1. Introduction

Explosive volcanic eruptions of silicic magmas result from fragmentation of
magma below Earth’s surface into pyroclasts ranging in size from ash to lapilli and
blocks ash. During magma ascent, decreasing pressure forces gas-saturated magma to
nucleate bubbles of supercritical fluid. Bubbles then grow by the diffusion of volatiles
from the melt and the expansion of the exsolved vapor phase, causing an increase in
magma porosity, magma acceleration, and further degassing. Simultaneously, as viscous
stresses in the melt impede bubble growth, vapor pressure therein increases (Gonnermann
and Manga, 2007). When bubble overpressure exceeds the tensile strength of the
surrounding melt and/or if the expanding melt is subjected to a critical strain rate
(Dingwell, 1996; Zhang, 1999; Papale, 1999), magma explosively fragments into

pyroclasts that range from submicron (ash) to macroscale (blocks) in size.
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Fall deposits from explosive Plinian eruptions of silicic magmas have a size
distribution different from that expected for a single fragmentation event (Kaminski and
Jaupart, 1998). The size distribution of the products of rock fragmentation invariably
follows a power law N = Ad P, where N is the number of particles greater than size d, A
is a scaling factor, and D is the power law exponent (fractal dimension). For a variety of
experimentally fragmented geological objects, fractal dimensions are always < 3 and in
most cases in the range 2.5+0.3 (Turcotte, 1997; Kaminski and Jaupart, 1998). By
contrast, fallout deposits of silicic Plinian eruptions have total grain size distributions that
follow a power law distribution with fractal dimension >3 (D=3.4+0.3; Kaminski and
Jaupart, 1998; Rust and Cashman, 2011; Pioli et al., 2019; Carazzo et al., 2020). The
difference in D values between experimental and natural fragmentation products has been
explained by secondary pyroclast fragmentation in response to thermal stresses during
decompression, and/or disruptive inter-particle collisions and abrasion in the conduit and
volcanic plume (Dufek et al., 2012; Jones et al., 2017). This D value differential is at
present an unconstrained metric of secondary fragmentation: as the true size distribution
of primarily-fragmented pyroclasts remains unknown, so too does the degree to which
secondary fragmentation impacts pyroclast size and shape distributions. However, new
textural observations of subplinian and Plinian lapilli reported here, interpreted
considering recent studies into the origin of obsidian pyroclasts (Gardner et al., 2017;
Watkins et al., 2017), indicate that some pumice pyroclasts form by post-fragmentation

amalgamation of ‘protopyroclasts’ prior to secondary collisional processes.
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2. Methods
We made new textural observations of pumice lapilli from four highly silicic

subplinian and Plinian eruptions at Medicine Lake Volcano (USA; 1060 C.E. Glass
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Figure 1: Pyroclast bulk porosity distribution (left) and ratio of connected to bulk
porosity (i.e., connectivity; right) for each studied eruption. Disc color represents the
likelihood of each pyroclast to be an amalgamation of protopyroclasts as based on
observation under a stereomicroscope. For clasts analyzed by CT (diamonds), color
indicates whether the clast exhibits CT/SEM evidence of amalgamation. The red diamond
with thicker edge corresponds to the clast shown in Figure 2 for each eruption.
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Mountain eruption; Heiken, 1978), Newberry Volcano (USA; 700 C.E. Big Obsidian
Flow eruption; Kuehn, 2002), and Mount Mazama/Giiwas (USA; ~5,750 B.C.E.
Cleetwood and climactic eruptions; Young, 1990; Bacon, 1983). These explosive
eruptions ejected ~0.1 km? (explosive phase of the Big Obsidian Flow and Glass
Mountain eruptions) to ~60 km? (climactic phase of the ~5,750 B.C.E. eruption of Mt
Mazama) of crystal-poor rhyodacitic to rhyolite magma. For each eruption, 100 juvenile
pumice lapilli, collected from single beds, were analyzed for their size and porosities
(bulk and connected; see Appendix C). In all suites, some pyroclasts exhibit distinct
surficial textures from inter-clast amalgamation, visible under stereomicroscope. The
proportion of these clasts was determined, and 28 variably-textured lapilli, wherein 6 to 9
(some exhibiting amalgamation-like textures, some not) were arbitrarily chosen from

each suite, were then analyzed by X-Ray Computed Tomography (CT; Appendix C).

3. Porosity and External Texture of the Lapilli Suites

The bulk porosity and the ratio of connected to bulk porosity (connectivity) of the
pyroclasts suites are roughly positively correlated (Fig. 1). Moreover, median bulk
porosity and connectivity increase with erupted volume and mass discharge rate, from
72+7% and 0.88+0.06, respectively, for Medicine Lake, to 76+4% and 0.89+0.04 for
Newberry, to 83+4% and 0.94+0.03 for the Cleetwood phase of Mazama, and 87+3% and
1.00+0.03 for the climactic phase of the Mazama eruption. The bulk porosity and
connectivity of all four suites of pyroclasts are typical of subplinian and Plinian lapilli in
general (Mueller et al., 2011; Colombier et al., 2017). All suites contain pumice lapilli
that have surficial textural evidence of amalgamation. The presence of such textures
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Figure 2: (A-D) Slices taken in CT stacks of pumice lapilli from (A) Newberry (#6), (B)
Cleetwood eruption of Mazama (#11), (C) Climactic eruption of Mazama (#4), (D)
Medicine Lake (#86D). White arrows highlight a few boundaries between textural
domains, some of which appear more subdued, usually closer to the center of the clasts.
White scale is 2 mm. (E-F) SEM images of a sample from Medicine Lake Volcano (#8)
showing partly sintered particles. The red rectangle in (E) shows the location of (F). In
(E), red arrows indicate flattened voids in the rim of individual protopyroclasts. All easily
identifiable protopyroclasts have been colored for easier visualization only. In (F), blue
arrows point to examples of partly sintered ash particles.
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does not depend on the size, porosity, or connectivity of the pyroclast (Fig. 1). However,
the overall proportion of extremely-likely to most-likely amalgamated clasts (see
Supplemental Material for detail) decreases with erupted volume and mass discharge rate,
from 17-37% in the Medicine Lake and 17-39% in the Newberry suites, to 14-25% in

Cleetwood and 5-19% in the climactic phase of Mazama.

4. Identifying Protopyroclasts

All seemingly-amalgamated pyroclasts and over a third (5/14) of those appearing
texturally homogeneous consist of juxtaposed domains with variable porosities, vesicle
sizes, and vesicle orientations when viewed under CT (Fig. 2). These domains range in
size from a few microns to >1 cm. The contrast in porosity and/or vesicle sizes and
orientations between textural domains are typically sharp (Fig. 2a, d), but more subtle
differences in vesicle texture between domains exist and are trackable in 3-D CT scans
(e.g., Fig. 2b-c). Single pyroclasts can contain several to thousands of discrete domains
(Fig. 2). Most domains <30 microns are almost all entirely dense (Fig. 2e-f). Boundaries
between some larger domains form tomographically bright bands a few microns to tens
of microns in thickness (Fig. 2 a, d). Scanning Electron Microscope (SEM) images taken
at higher resolution show that these boundaries include partly sintered ash in between
domains (Fig. 2e-f) and/or densified domain rims in between which some pores are
flattened (Fig 2d). We note that in most CT-scans, boundaries between domains are more
easily identifiable towards the outskirts of the clast.

Using SEM and CT image analysis, we manually delineated textural domains

from four pumice lapilli (two from Newberry, two from Medicine Lake; Fig. 3a-b) for
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which the boundaries between domains are clear enough at all sizes for the latter to be
manually separated on the images. Although contrasting textural domains are apparent on
the CT images of the Mazama pyroclasts (Fig. 2b,d), exact boundaries are too diffuse to
delineate without significant bias; as such, the exercise was thus not carried out for these

pyroclasts. This approach allows us to quantify the size
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Figure 3: Particle size distributions of protopyroclasts. (A) 3D rendering of CT slices.
On each slice shown, protopyroclasts were manually individualized and highlighted using
different colors. (B) Smaller protopyroclasts individualized on SEM images (raw image
left, binarized image at right). Protopyroclasts appearing isolated are sintered in the third
dimension. (C) Protopyroclast size distributions obtained in four clasts from Medicine
Lake and Newberry volcanoes compared with Total Grain Size Distributions (TGSD) of
four Plinian eruptions (Rust and Cashman, 2011). Best fits to Plinian TGSDs using a
power law distribution give a fractal dimension D=3.0-3.3, whereas protopyroclast size
distributions are best fit with D=2.4-2.6 (2.40 and 2.56 for Newberry #6 and #5; 2.40 and
2.47 for Medicine Lake #8 and #86D).
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distribution of textural domains from ~3 pum up to the size of the lapilli themselves (11-
31 mm). In all four cases, the size distribution of textural domains defines a power law
distribution that is best fitted using an exponent of 2.4-2.6 (Fig. 3c). Prior to
amalgamation, these textural domains thus have a size distribution that matches that
predicted by fragmentation experiments conducted on a variety of geological objects
(fractal dimension of 2.5+0.3; Turcotte, 1997; Kaminski and Jaupart, 1998).

Porous volcanic pyroclasts, when rapidly decompressed in a shock tube apparatus,
fragment if the change in pressure exceeds a threshold of approximately o/, where o = 1
MPa is the tensile strength of the silicate melt and ¢ is the porosity of
the magma (Spieler et al., 2004). The fractal dimension of these products typically falls
within a narrow range of 2.4+0.2 (Alidibirov and Dingwell, 1996; Kueppers et al. 2000).
We thus interpret the textural domains highlighted in Fig. 2 to be protopyroclasts, the
direct products of primary magmatic fragmentation in the conduit. Because their porosity
and connectivity are typical of subplinian and Plinian pumice lapilli (Fig. 1; Rust and
Cashman, 2011; Colombier et al., 2017), and none of the 400 clasts analyzed have
obsidian edges, amalgamated pyroclasts are highly unlikely to derive from tuffisitic infill.
Instead, we posit that these protopyroclasts were preserved by amalgamating and partly
sintering inside the conduit during and/or immediately following primary fragmentation
(Fig. 3). The size distributions of silicic Plinian fallout deposits, which have a fractal
dimension of 3.4+0.3 (Fig. 3¢; Rust and Cashman, 2011; Kaminski and Jaupart, 1998;
Pioli et al., 2019; Carazzo et al., 2020), must thus be largely overprinted by
amalgamation and by secondary fragmentation in the conduit and the plume, and so can
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only give limited insight into primary magmatic fragmentation. The number density of
protopyroclasts larger than ~1 um in the four pumice lapilli analyzed is ~10'> m™ (Fig.
2¢), nearly an order of magnitude less than the number density of pyroclasts =1 pm
ultimately produced by Plinian eruptions (Rust and Cashman, 2011). This discrepancy
likely arises from secondary fragmentation galvanizing the production of smaller

pyroclasts in the conduit and plume.

5. Sintering of Protopyroclasts

For protopyroclasts to amalgamate, they must collide at low enough energies and
stick together (Dufek et al., 2012). We believe this occurs during the fluidization of the
packed beds of pyroclasts. This is a zone in between the unfragmented magma below and
the fully fluidized gas-pyroclast mixture above, in other words, just at/above the
fragmentation zone (Dartevelle and Valentine, 2007). In that zone, both the density of
particles and their acceleration are high, but acceleration slightly differs for particles of
different size, promoting low-energy collisions. As melt viscosity increases during ascent
post-fragmentation due to permeable outgassing and diffusive water loss (Rust and
Cashman, 2011), so too does the sintering timescale. Pyroclasts thus have the highest
chance to collide, amalgamate, and partially sinter in the vicinity of the fragmentation
zone. Obsidian pyroclasts from the 1340 C.E. North Mono eruption (Mono Craters, CA,
USA) formed by cycles of fragmentation, sintering/suturing, and annealing/relaxation
over varying depths on the conduit wall (Gardner et al., 2016; Watkins et al., 2017). We

propose that this process also occurs inside the gas-pyroclast mixture across the conduit,
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wherein limited residence time during rapid final ascent limits maturation and
densification of the aggregates, preserving protopyroclasts’ initial sizes and textures.
Sintering after initial amalgamation must rapidly occur between fragmentation
and quench, over the course of ~10-60 s (Gardner et al., 1996). In the absence of
confining pressure, the sintering timescale of randomly packed, monodisperse spherical

particles is given by (Wadsworth et al., 2019)
T~ (1]

where 7 (s) is the sintering time scale, u (Pa s) is viscosity of the melt, R (m) is
particle radius, and o is surface tension. Sintering between protopyroclasts appears
limited, usually occurring over length scales of ~10° m or less (Fig le-f). Assuming
disequilibrium degassing, rhyolitic melt viscosity at fragmentation is ~10° Pa s
(Gonnermann and Houghton, 2012; Hajimirza et al., 2021), a reasonable value for a wide
range of silicic magmas (Gardner et al., 1996). For a surface tension of ~0.2 N/m
(Bagdassarov et al., 2000) and in the absence of confining pressure, ~10° m

protopyroclasts can sinter above fragmentation within ~50 s, prior to quench (Eq. [1]).

6. Implications

We examined typical pyroclasts from four subplinian and Plinian eruptions that
span more than three orders of magnitude of erupted ejecta by volume and more than two
orders of magnitude of mass discharge rates. We postulate syn-/post-fragmentation
amalgamation and partial sintering of protopyroclasts in the conduit is widespread and

has been previously overlooked or interpreted differently. Highly silicic pumice fall
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agglomerates have only been reported once to the best of our knowledge (Santorini;
Taddeucci and Wohletz, 2001), yet contiguous heterogeneous textures at the sub-mm
scale have been widely documented in highly silicic tephra (e.g., Figs.1A and 4A, Wright
and Weinberg, 2009; Fig. 9, Schipper et al., 2013; Fig. 15, Pistolesi et al., 2015). While
they are usually interpreted as resulting from heterogeneities in material properties and/or
localized degassing, these textures may be from syn-/post-fragmentation amalgamation
and partial sintering of protopyroclasts, as described herein. Additionally, Newberry
(~107 kg/s, Gardner et al., 1998) and Medicine Lake pyroclasts preserve these textures
more often and more distinctly than do those from Mazama (108-10° kg/s; Young, 1990).
This observation could be an indication that the fluidization of packed beds of
protopyroclasts at fragmentation during more explosive eruptions is more efficient,
leaving less time for mixing and amalgamation of protopyroclasts with highly contrasting
textures.

Magmatic fragmentation converts potential energy from the compressed gas
inside bubbles into kinetic energy and surface energy of fractures in the melt (Grady,
1982). The size distribution of fragmentation products should reflect eruption explosivity,
wherein the fractal dimension of the fragment size distribution increases with the
potential energy for fragmentation (Kueppers et al., 2006). However, the unconstrained
overprint of secondary fragmentation on the final size distribution of tephra renders this
task challenging. The textures described here provide a framework for quantifying the
size distribution of primary magmatic fragmentation products, and so could be used to
obtain the potential energy for fragmentation (Yew and Taylor, 1994; Kolzenburg et al.,
2013). These textures also show that, contrary to what is claimed at this time, studies of
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the size and texture of the final pyroclasts (rather than individual protopyroclasts) may

tell a post-, rather than pre-fragmentation story.
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Figure 4: Diagram illustrating primary and secondary fragmentation processes occurring
within the conduit, and their effects on pyroclast grain size distributions. The diagram is
not to scale: slopes on the graphs have been exaggerated to highlight evolution of particle
size distribution.
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CHAPTER V
CONCLUSIONS

Aptly characterizing the subterranean idiosyncrasies of volcanic eruptions
requires creative approaches. In my PhD work, I use pyroclasts as windows into the
volcanic conduit. I examined pyroclastic products of four eruptions from three Cascade
Volcanoes, with extensive examinations of the most recent eruptions of Newberry
Volcano and Medicine Lake Volcano. I leveraged mass amounts of data with several
tools to address common assumptions in physical volcanology, asking:

1) How representative are the pyroclasts we study?

2) How representative are the methodologies we use to assess their
properties?

3) What are studies missing that examine a limited size fraction of a
component (i.e. ash or lapilli) or only one component at all (i.e. obsidian
or pumice)?

4) How might such patchwork approaches to studying volcanic material
impact interpretations of the conduit and of numerical models of ash
dispersion?

In Chapter II, I broached these subjects via case study of pumices from the 1060

CE Glass Mountain eruption of Medicine Lake Volcano. I found that the endmember size
approach to studying pyroclasts biases our interpretation to a limited lateral section of the
conduit. Pumice texture, morphology, and size directly reflects locational formation in
the conduit. Capturing the breadth and complexity of processes occurring within thus

requires studying a greater size range of clasts — not simply ash or lapilli. Furthermore,
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ash dispersion models should use actual density-size data, or at least log-linear
composition-specific models to ensure forecasting of hazards is accurate.

In Chapter 111, I applied this knowledge in examining the 640 C.E. Big Obsidian
Flow eruption of Newberry Volcano. I expanded my methodologies from 2 pits to >10 as
compared to the Chapter II study. I then detailed physical attributes of 4 pits on the
dispersal axis down to the layer and clast scale for ash- to lapilli-sized particles, as is
necessary based on my previous work. These measurements were then contextualized
with geochemical data. Ultimately, I found that sintering can modulate the explosive-
effusive transition, indicating that upper conduit processes alone can be responsible for
changes in eruptive behavior. Additionally, pulsatory Vulcanian behavior can herald a
switch to effusive or hybrid activity.

In Chapter 1V, I and co-authors examined textures of porous pyroclasts from the
aforementioned eruptions, as well as from those of the Cleetwood and climactic eruptions
of Mt. Mazama. We find that porous lapilli, like obsidian pyroclasts, can result from
cycles of fragmentation and sintering. As such, future work should look to studying the
protopyroclasts — that is, the individual domains preserved within a given pyroclast — to
understand primary fragmentation processes.

As individual volcanic systems become highly characterized, amalgamating data
across such systems will allow for advances in the greater understanding of volcanic
behavior. Still, the complex individuality of each volcano underscores the necessity for
precise and rigorous eruption-by-eruption literature. As we push hazard science forward,

so too must we reflect on not only the depth, but the breadth of our studies — namely,
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whether our science fulfills humanitarian goals we imperatively cite as the reason for our

work.
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APPENDIX A

CHAPTER II: THE MORPHOLOGY AND TEXTURE OF PLINIAN PYROCLASTS
REFLECT THEIR LATERAL SOURCING IN THE CONDUIT

Sampling and Collect samples from 2 pits: all particles in bulk, tens of cm-scale pumices picked individually

Preparation
Sieve all particles into ~1¢ size fractions for -6 < ¢ < 4 (0.063 mm < d < 64 mm)
Wash individually, dry overnight at 100 °C Ultrasonicate in bulk, dry overnight at 100 °C
Componentry for 0.063 mm < d < 32 mm
Pick >100 pumices every ~1¢ for -6 < ¢ < 4 (0.063 mm < d < 64 mm)
Z(e)z:?og_t; S Note presence (or lack thereof) of external heterogeneities (i.e. obsidian banding, breadcrusting, crystals)
. Determine average mass/particle for each size fraction from
M dividuall
3 Density ass individually batches of >100 particles’
Determine average volume/particle for each size fraction from

Measure volume of individual pumices using Immersion Method batches of 45-250 particles with PartAn'

Calculate den5|ty p = mass/volume

4 Clast shape Qualtitatively assess clast shape (i.e. equant, tabular, elongate)

Measure length, width, thickness of pumices using calipers Obtain length, width, thickness of pumices from PartAn

Calculate clast elongation: D_= (I-b)/(l+b)
Longest axis of clast: / Shortest axis of clast: b

v

Vesicle shape and Make thin sections or mounts of pumices, take SEM images
size distributions

Clean up images in Photoshop (e.g. redraw broken bubble walls)

Determine % area of image occupied by elongate, rounded, and distorted bubbles for 7-30 clasts from each size fraction
(lapilli -3 to -6 ¢ treated as one size fraction for this step only)

Quantify vesicle circularity and elongation for a typical (as based on % area, above) clast from each size fraction using ImageJ
Circularity: C = 4mA/P? Elongation: D, = (I-b)/(I+b)
Area: A Perimeter: P Semi-major axis: / Semi-minor axis: b

Quantify vesicle size distribution using FOAMS
for 3 pumices having average density for their size

Figure A.1.: Methodological flowchart for data obtained in this study. Numbers correlate
to methodology sub-headers in the manuscript (i.e., number 1 correlates to section 3.1, 2
to 3.2, etc.). 'Density for 0.063-0.125 um particles was later estimated using microscope
images as they proved too small for this approach.
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Figure A.2.: Map of sample locations at Glass Mountain, Medicine Lake Volcano,
California. Isolines are from the Plinian phase of the 1060 CE eruption (Heiken, 1978).
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Figure A.3.: Methods used for determining the volume of a clast. a) The classical
immersion method (Houghton and Wilson, 1989) and b) a dynamic image analyzer
(Microtrac, PartAn3P), which determines both the shape and size of particles using
analysis of optical images.
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A.4. Volume determination

Clast volume was determined using the classical immersion method or a
Microtrac Dynamic Image Analyzer (PartAn3P; Fig. A.3). For the classical immersion
method (Archimedes principle; Houghton and Wilson, 1989) a clast is covered in wax
and submerged underwater in a cage with a ballast. The buoyant force on a submerged
clast equals the weight of water displaced by the clast. As water has a density of ~1 g cm’
3, this method provides a simple way to determine the volume of irregularly-shaped
particles (cf. Houghton and Wilson, 1989). Then, using the density of the solid phase
(2.36 +/- 0.05 g.cm™), a volume can be calculated. Each clast was tightly wrapped in
parafilm wax to prevent water seepage.

A Microtrac PartAn’® dynamic image analyzer was used to quantify the volume
and shape of clasts that appeared, by visual inspection, to be smaller than about 1 cm?
(Fig. A.2). Clasts pour out of a funnel onto a vibrating tray, then fall in front of a white
backlit panel. A high-resolution optical camera (1 um px!) tracks and takes several
images of each clast as it rotates while falling. A software determines shape parameters
and calculates particle size in 3D based on a compilation of these images. This instrument
can analyze hundreds of thousands of particles in a matter of tens of seconds. Volumes
reported in this study were calculated using measured Feret diameters. Before each
analysis using the PartAn3P, stainless steel spheres of certified volume were dropped to
ensure accuracy of measurement. Clast measurements proceeded only if the measured
volume of the sphere was within 1% of the sphere’s certified volume. Each clast was then
dropped at least 15 times to get an average volume. For clasts <8 mm diameter, 45-250

clasts within each size fractions defined above were dropped, and an average particle
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volume calculated. Standard deviation for an individual lapilli clast measured 20 times
using the immersion method produced density values within 5% of the mean. Volumes
obtained using both immersion and PartAn3P on 135 clasts 0.25-3 cm? are generally
within 10% of each other; clasts <1 cm?® have measurement differences within 5%. We
used immersion data for clasts >1 cm? and PartAn®P values for smaller clasts, which
could not be measured by immersion. The PartAn3P also reports numerous shape

parameters, such as aspect ratio, sphericity and roughness, for example.
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Clast Name Volume (cm3) Location Porosity (%) n N (m-3)

Whole 759

77H ~100> Rim 74.7 £ 0.9 568 3.5*10"
Center 695+ 1.3 315 3.0* 10"
Whole 78.8

69B ~10! Rim 726+ 1.9 927 2.3*10%
Center 723 %25 379 1.4*10
Whole 87.3

79G ~102 Rim 85.7+1.0 122 9.3* 1012
Center 84.1+2.7 182 1.1*1013

Table A.1.: Vesicle number data for three pyroclasts from the proximal pit. z is the total
number of vesicles analyzed. The vesicle number density, , is given per cubic meter of

melt.
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Medial Pit

Diameter (mm)

Phi size

Number Count

% Grain Counts

O Pumices |M Obsidians |@ Lithics [N Crystals | Total B 50T
16-32 -4to -5 2 0 0 0 2
8-16 -3to-4 16 0 0 0 16
4-8 -2to-3 57 2 3 0 62
2-4 -1to-2 517 12 37 0 566
0.85-2 0.23to-1 352 21 18 0 391
0.5-0.85 1-0.23 231 1 40 0 282
0.355-0.5 1.5-1 421 28 74 12 535
0.25-0.355 2-15 624 64 98 36 822
0.125-0.25 3-2 264 71 70 36 441
0.090-0.125 35-3 294 72 50 71 487
0.063-0.090 4-35 170 65 33 26 294
Proximal Pit
. B Number Count % Grain Counts
Diameter (mm) Phi size O Pumices |M Obsidians | @ Lithics [N Crystals | Total BT
16-32 -4to-5 66 0 1 0 67
8-16 -3to-4 400 14 88 0 502 I
4-8 -2to-3 334 15 109 0 458
2-4 -1to-2 283 48 213 0 544
0.85-2 0.23to-1 47 9 78 36 170 l\
0.5-0.85 1-0.23 145 13 116 46 320
0.355-0.5 1.5-1 149 55 33 28 265
0.25-0.355 2-15 252 61 81 64 458
0.125-0.25 3-2 183 15 52 16 266
0.090-0.125 35-3 198 16 4 5 223
0.063-0.090 4-35 236 1 19 2 258

Table A.2: Componentry of the proximal and medial samples for clasts <32 mm and per
size fraction, as determined by microscope point counts. Additional clasts 32-64 mm
were hand-picked on the field; thus, this size fraction is not included as it would be
biased. For the proximal pit, pumice is the greatest constituent at endmember size
fractions. Obsidian, lithic, and free crystals tend to be most concentrated around 0.25-4

mm. For the medial pit, the amount of pumice continuously decreases while obsidian and

quartz content increase at smaller grain sizes. Lithic content stays relatively constant.
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Figure A.5.: Plot of median elongation (D.) of clasts for every phi size examined for
both medial and proximal pits. Clasts at all size fractions exhibit a wide variety of
morphologies; however, small clasts in general tend to be more elongated.
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Figure A.6.: Interpretation supplement for Fig. 5d. Here, we numerically generate two
samples (blue, red) with 100 vesicles (ellipses) each that are oriented similarly (blue) or
variably (red) overall. The frequency of ellipses exhibiting a given angle compared to the
principal orientation of alignment (here set as north-south, 0 degrees) is plotted. For each
of the natural samples plotted in Fig. 5d, the direction of vesicle relative to principal
orientation of alignment was found and plotted in this way.
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Figure A.7.: Volume fraction of vesicles versus their equivalent diameter for the core
and rim of three clasts from the proximal pit spanning roughly three orders of magnitude
in volume (diameters of 11 mm, 23 mm, and 45 mm). For all three clasts, the porosity
and vesicle size distribution of the core is similar to that of the rim.
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Figure A.8.: Porosity and density as a function of size for a) all lapilli and b)

¢ (-logz2[d] in mm)

heterogeneous lapilli only, from the proximal pit. Averages are binned and plotted as
orange or yellow dots with standard deviation error bars. Clasts increase in porosity from
66 £ 7% to 82 £ 3% over three orders of magnitude of volume, while heterogeneous
clasts increase from 62 = 7 % to 84 + 3 % over the same range of sizes. Clasts may

exhibit multiple heterogeneities (i.e., contain crystals and obsidian banding).
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every 0.5 ¢ for both pits.
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Figure A.10.: Porosity and density versus clast size for a clast that was manually broken.
Legend on the left shows breaking procedure, which occurred in three increments. Pieces
appearing larger than ~8§ mm were subsequently broken and newly-formed fragments re-
measured for their porosity and density. Graphs at right show a) data of all individual
fragments and b) averages of the incrementally broken fragments. Standard deviation

shows the range in porosity values of multiple resulting pieces at a given increment.

Fragments tend to be close in porosity, or even slightly more porous, than the original

sample.
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APPENDIX B

CHAPTER III: LEVERAGING PHYSICAL AND GEOCHEMICAL DATA OF
JUVENILE SILICIC PRODUCTS TO UNDERSTAND THE EXPLOSIVE-EFFUSIVE

TRANSITION
a b

1.5 1
— - 1.0
E
g 104 \o
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< - 0.5
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Sqgrt(area) (km) Sqrt(area) (km)

Figure B.1.: Thickness of the Newberry a) Lower Pumice and b) Upper pumice versus
the square root of the area of the corresponding isopach ellipse. Figure modified from an
AshCalc model that fit the data using a Weibull function (Daggitt et al., 2014).
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APPENDIX C

CHAPTER IV: THE PRODUCTS OF PRIMARY FRAGMENTATION FINALLY
REVEALED BY PUMICE AGGLOMERATES

C.1. Sample collection
All samples were collected by the authors between 2016 and 2018. They are all

pumice lapilli from four subplinian and Plinian fall deposits.

C.1.1. Newberry Volcano

The Big Obsidian Flow period (~700 C.E.) of Newberry Volcano (Oregon, USA)
erupted a volume of ~0.2 km? DRE (dense rock equivalent) divided approximately equally
between initial pyroclastic fall deposits and final obsidian flow, with only 0.002 km? of
pyroclastic flow deposit (McLeod and Sherrod, 1988). The estimated mass discharge rate
is 2.8x107 kg/s (Rust and Cashman, 2007). The tephra deposit is typical of supblinian
eruptions (Houghton and Wilson, 1989). Samples were collected in two ~2-m-thick pits
separated by 1 km, and both located ~10.8 km E of the vent (43.705665°, -121.097255°)

on or slightly off the ENE dispersal axis. Samples are crystal-poor to crystal-free rhyolite.

C.1.2. Medicine Lake Volcano

The Plinian phase of the Glass Mountain eruption (1060+90 C.E.) of Medicine
Lake Volcano (California, USA) deposited 0.09 km? DRE of fallout tephra with no
evidence for pyroclastic density currents (Heiken, 1978). There is no estimate for the mass
discharge rate for this eruption but given the similitude in volume and sedimentologic

characteristics of the Plinian fall deposits with the Big Obsidian Flow tephra of Newberry,
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we estimate the mass discharge rate to be also ~107 kg/s. Samples were collected within a
single layer towards the top of a several-meter section of the pumice-supported tephra fall
deposit in a quarry about 2 km NNE of the vent (41.618356°, -121.495578°; Trafton and
Giachetti, 2021), slightly off the NNE dispersal axis of the final phase of this eruption

(Giachetti and Shea, in prep). Samples are crystal-poor rhyolite (Heiken, 1978).

C.1.3. Mount Mazama

Both the Cleetwood and climactic eruptions of Mt Mazama occurred around 5,750
B.C.E. (Bacon, 1983). The Cleetwood phase initiated with a Plinian eruption that ejected
1.5 km?® of magma and ended with the emplacement of a 0.6 km?* obsidian flow. Estimated
mass discharge rate is 2+1x108 kg/s (Young, 1990). It was followed weeks to tens of years
later (Kamata et al., 1993) by the caldera-forming climactic eruption that ejected ~61 km?
of dense rock equivalent magma (Buckland et al., 2020). Samples from these two eruptions
were collected 46 km SE of the vent (42.704941°, -121.638693°) in a single pit 2.96 m in
thickness. This pit is on the dispersal axis of the Cleetwood phase of the eruption (SE), but
off the main dispersal axis for the climactic phase (NE). The Cleetwood sample was
collected midway in the 122-cm section of Cleetwood tephra, whereas the climactic sample
was collected within the upper 57 cm of the 171-cm climactic Plinian fall deposit,
corresponding to the “Upper Pumice fall unit” as designed by Young (1990). This phase of
the climactic eruption reached a mass discharge rate of 1.5+2.5x10° kg/s (Bacon, 1983).
Both the Cleetwood and climactic samples collected are crystal-poor rhyodacite with no
major chemical variations between rhyodacite components of the two eruptions (Bacon,
1983).
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C.2. Lapilli selection

For each eruption, one hundred ~1-4-cm porous lapilli were randomly picked from
the entire sample and then analyzed for volume and bulk and connected porosities. All 400
pyroclasts were then visually inspected using a stereomicroscope to search for evidence of
sintering on their surface such as juxtaposed domains with sharply contrasting texture (e.g.,
porosity, vesicle size distribution, direction of elongation) and/or delineating fractures with
ash and/or trapped lithics. To reduce the bias in interpreting textures, each pyroclast was
inspected independently by three of the authors and was considered to be “extremely likely”
to be an amalgamation of protopyroclasts if identified as such three times, and “most-likely”
if identified as such twice. Three to four pyroclasts extremely likely to be an amalgamation
of protopyroclasts, together with another 2-3 lapilli that appear homogeneous, were then
arbitrarily selected from each eruption for Computed Tomography imaging and further

textural analyses.

C.3. Measurement of volume and total and connected porosity

All 400 selected lapilli were rinsed and ultrasonicated in water, dried overnight in
a furnace at 100 °C, and analyzed individually. Their volume, ¥V, was determined either by
the classical immersion method (Houghton and Wilson, 1989) or using a Microtrac
PartAn’P particle size analyzer (Trafton and Giachetti, 2021). The mass of each clast, M,
was measured using a high-precision balance and the bulk (total) porosity calculated using
@ = M/(pV) x 100, where p is the density of the solid phase. The volume of solid and
isolated pores was obtained using a Micromeritics AccuPyc II 1340 gas pycnometer in a
10, 35 or 100 c¢cm® sample chamber, using high-purity helium as working gas. The
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connected porosity was then calculated. The density of the solid phase is 2.36+0.05 g.cm™
> for Medicine Lake Volcano (Giachetti et al., 2020) and was measured by helium
pycnometry on finely crushed powders from several clasts for all other eruptions
(2.324+0.01 g.cm™ for Newberry, 2.38+0.01 g.cm™ for Cleetwood, and 2.43+0.01 g.cm™
for the Climactic phase of Mazama eruption). The connectivity, the ratio of connected to
total porosity, is plotted in Figure 1 for all clasts and reported in Table 1 for pyroclasts

further analyzed for their texture.

C.4. Computed Tomography and Scanning Electron Microscope

Twenty-eight samples appearing either texturally homogeneous or extremely likely
to be an amalgamation of protopyroclasts were analyzed by X-Ray computed
microtomography at the University of Texas High-Resolution X-ray Computed
Tomography (CT) Facility. For all analyses, a NSI scanner was used with the following
setup: Fein Focus Microfocal source, 100 kV, 0.125-0.2 mA, no filter, Perkin Elmer
detector, 0.25-0.5 pF gain, beam-hardening correction = 0.1. Depending on the sample size,
the resolution varied from 5.56 to 25.10 um/voxel, resulting in a stack of 995 to 1,940
images per sample. The color balance of all the images of each sample was slightly altered
to better highlight the different textures and produce the images shown in Figs. 1a-d. Thin
sections of a subset of the samples were carbon-coated and analyzed using a Quanta 1000
Scanning Electron Microscope (SEM) at the University of Oregon Center for Advanced
Materials Characterization in Oregon (CAMCOR). Both backscattered and secondary
electrons were used at an acceleration of 25 kV and a working distance of about 1 cm.
Images were acquired at a magnification between x35 and x1,700.
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C.5. Protopyroclasts size distribution

As shown on Fig. 2, each pumice lapilli extremely likely to be an amalgamation is
made of a few to thousands of textural domains, interpreted to be individual protopyroclasts
separated by sharp or subtle boundaries. We measured protopyroclast size distributions in
2D on four samples, two samples from Medicine Lake Volcano (clast 8 and clast 86D, see
Table 1 Supplementary material) and two from Newberry Volcano (clast 5 and clast 6) that
exhibited a high number of protopyroclasts visible on the CT images. For each of the four
samples, we used between 4 and 10 slices from the CT scans (corresponding to a single
magnification for each sample) and 3 to 6 SEM images (3-6 magnifications), respectively.
For each image, whether CT or SEM, we separated protopyroclasts manually using Adobe
Photoshop (i.e., drew lines in between; Fig. 3A-B) and the area of each protopyroclast
larger than 50 px? was then obtained using Fiji (ImageJ; Schneider et al., 2012). This
procedure allowed us to analyze all protopyroclasts larger than ~4 pm in equivalent
diameter, d = 2 X /A/m, where A is the area of the object in um?. Protopyroclasts cut by
the edge of the SEM image and those with an area larger than 1/100" of the area of the
SEM image were not considered in the distribution (Shea et al., 2010). For each
magnification, analyzed protopyroclasts were sorted based on their equivalent diameter
into 20 regular logarithmic bins spanning 10° m to 102 m, producing for each
magnification a distribution of N4, which is the number density of protopyroclasts per unit
area. In MATLAB, N, distributions of all the magnifications were then merged into a single
distribution for the whole sample using magnification cutoffs defined to minimize the
change in N4 values at the shift from one curve to another (Shea et al., 2010). The

distribution of N, for each sample was then converted into a distribution of number density
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of protopyroclasts per unit volume, N,, using the method of Sahagian and Proussevitch

(1998) and plotted in Fig. 3c.
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sample textural evidence pychomet external equivalent density bulk connected CT scans
D heterogen of mass (g) er volume volume diameter  solid phase (total) (open) connectivity resolution
eity (Y/N) sintering (cm3) (cm3) (mm) (g/cm3) porosity porosity (um/vx)
#1 Y + 6.21 3.17 9.55 26.3 2.36 0.724 0.668 0.92 16.20
#2 N -? 1.98 0.90 3.43 18.7 2.36 0.755 0.738 0.98 13.30
i) #3 N ++ 1.39 0.77 2.12 15.9 2.36 0.721 0.636 0.88 12.90
m #a Y banded 2.09 1.49 3.02 17.9 2.36 0.707 0.508 0.72 12.10
m #5 Y ++ 6.16 3.25 9.50 26.3 2.36 0.725 0.658 0.91 21.00
M #6 N ++ 0.76 0.40 0.94 12.2 2.36 0.657 0.571 0.87 9.75
= #7 N - 1.49 0.88 2.24 16.2 2.36 0.718 0.607 0.84 11.70
#8 Y ++ 0.82 0.65 1.42 13.9 2.36 0.756 0.545 0.72 9.96
#86D Y ++ 7.96 5.09 15.43 30.9 2.36 0.781 0.670 0.86 25.10
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