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CHAPTER 1

Introduction

Supereruptions, events that expel >450 km3 of magma from the subsurface, are the most extreme expressions of

explosive volcanism on Earth (Sparks et al., 2005; Self, 2006; Lowenstern et al., 2006; Miller and Wark, 2008). The

products of these colossal eruptions range from crystal-rich (>35% crystals) to crystal-poor (<15% crystals), re�ecting

variable conditions of magma storage and crystallization in the shallow crust. Crystal-rich magmas have formed some

of the largest (>5,000 km3) volcanic deposits in the geologic record (e.g., Wah Wah Springs Tuff, Best et al., 2013; Fish

Canyon Tuff, Bachmann et al., 2002). We are interested in constraining the pre-eruptive storage conditions of crystal-

rich magmas and the processes that occur in large silicic systems; this provides valuable insight to the volcano hazard

monitoring community regarding where to search for eruptible magma and what signals to look for during periods

of volcanic unrest. Petrological, compositional, and textural data from erupted juvenile clasts (i.e., pumice, �amme)

can provide us with snapshots of magma systems immediately prior to eruption, while crystal zonation textures and

compositions record how magmatic conditions changed through time. Recent studies have demonstrated that there

is a wide diversity of storage conditions and pre-eruptive processes that occur in large silicic systems (Cashman and

Giordano, 2014; Wilson et al., 2021). Therefore, by studying the crystal-rich deposits of these systems, we hope

to reveal broad-scale patterns regarding the mechanisms that control the pre-eruptive distribution of magma in the

shallow crust and the processes that lead to their destabilization and catastrophic eruption.

Historically, supereruption-sized deposits have been divided into two main categories based on textural and com-

positional characteristics. Ignimbrites that are both compositionally and texturally zoned are classi�ed as “zoned

ignimbrites” (e.g., Bishop Tuff, Hildreth, 1979, 2004; Hildreth and Wilson, 2007; Fig. 1). In these deposits, the

erupted material with the highest silica content is also the most crystal-poor (<10%); this is interpreted to represent

the initial evacuation of a homogeneous high-silica rhyolite (>75 wt.% SiO2) cap and the subsequent eruption of an

underlying, compositionally and thermally strati�ed magma body (Hildreth, 1979, 2004; Hildreth and Wilson, 2007).

However, more recent studies have proposed that the zonation is due to the tapping of multiple magma bodies (Cooper

et al., 2012; Gualda and Ghiorso, 2013; Bégué et al., 2014; Swallow et al., 2018; Gualda et al., 2022). On the other side

of the spectrum are the “monotonous intermediates”, which are characteristically crystal-rich (� 40-50%), dacitic in

composition, and compositionally homogeneous at the bulk rock scale, leading to their classi�cation as “monotonous”

(Fig. 1; Hildreth, 1981). These deposits are thought to represent the rejuvenation and remobilization of a crystal mush

(Bachmann et al., 2002; Bachmann and Bergantz, 2006; Huber et al., 2009, 2012).

New studies of large, crystal-rich ignimbrites have led to the emergence of a third category of supereruption-sized

deposits that contains ignimbrites that defy classi�cation as “monotonous intermediates” and have some traits similar
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to “zoned ignimbrites” (Fig. 1; Van Zalinge et al., 2017). These “crystal-rich rhyolites” have high crystal-contents

(>35 %), are rhyolitic in composition, and are relatively heterogeneous, with wide variations in crystal content and bulk

rhyolite compositions throughout (Fig. 1). Examples of these crystal-rich rhyolites include the Cardones Ignimbrite

(Chile, van Zalinge et al., 2017), the Wurzen Ignimbrites (Germany, Repstock et al., 2018, 2022), the Caetano Tuff

(USA, Watts et al., 2016), and the Youngest Toba Tuff (Indonesia, Chesner, 1998; Pearce et al., 2020). Heterogeneities

in these deposits are interpreted to be caused by the tapping of multiple magma bodies. Another example of a large,

crystal-rich rhyolite is the supereruption-sized (>1,300 km3) Ora Ignimbrite (Italy, Willcock et al., 2013, 2014, 2015),

which is the subject of this dissertation.

Figure 1.1: Phenocryst and SiO2 contents of large ignimbrite deposits. Modi�ed after Watts et al. (2016) and Huber
et al. (2012) to include Ora Ignimbrite bulk rock values from Willcock et al. (2015). The Ora Ignimbrite plots in the
crystal-rich rhyolite domain, showing large variability in both crystal content (� 25-55%) and SiO2 contents (72.5-77
wt.%). Grayscale examples are from Huber et al. (2012), while Watts et al. (2016) include examples of crystal-rich
rhyolites and other ignimbrites that do not plot in the monotonous intermediate or zoned ignimbrite �elds (in colors
and dotted boxes). For further details, see Watts et al. (2016) and Huber et al. (2012).

We chose to study the Ora Ignimbrite for three main reasons: (1) the presence of both crystal-rich and crystal-

poor juvenile clasts throughout the deposit suggests that separate components of the underlying magma system were

evacuated during eruption, (2) the old age of the Ora Ignimbrite (� 277 Ma) has led to extensive glacial and �uvial

incision, resulting in exceptional exposures of intracaldera �ll, which is uncommon in other crystal-rich ignimbrites,

and (3) vitrophyre units contain well-preserved, glass-bearing juvenile material, which provide us with information

regarding the melt compositions of the magmas that fed the Ora Ignimbrite. By studying glass and minerals from

these juvenile clasts, we can reconstruct key features of the pre-eruptive architecture of the Ora Magmatic System,

determine what processes contributed to the growth and eventual eruption of >1,200 km3 of crystal-rich magma, and

compare our �ndings with other crystal-rich eruptions to further our understanding of large silicic magma systems in

Earth's crust.

2



1.1 Overview

The Ora Ignimbrite was erupted in the Permian (� 277 Ma) as the �nal product of the Athesian Volcanic group, the

largest and best-exposed Permian volcanic district in Europe (Brandner et al., 2016). Ora is a prime system to study

because glacial incision has exposed >1,000 m of intracaldera �ll from base to top; access to the base of the intracaldera

sequence allows us to document how this eruption changed through time. The supereruption-sized (>1,200 km3) Ora

Ignimbrite is heterogeneous with bulk rock compositions ranging in silica from 72.5-77.7 wt.% SiO2 and crystal

contents spanning� 25-55% (avg. 40%). It is densely welded, lithic-poor (<1.5%), and contains both crystal-rich and

crystal-poor �amme for an average of� 20% juvenile clasts throughout the deposit (Willcock et al., 2013, 2015).

The eruption of Ora produced two nested collapse calderas (northern and southern) that are separated by a paleoto-

pographic high (Willcock et al. 2013, 2015). Both calderas together are roughly 40 x 42 km in size and are bounded by

steeply dipping normal faults (� 75°-90°; see Figure 1 in Chapter 2). The majority of the Ora Ignimbrite is preserved

as densely welded intracaldera �ll, but there are minor (<250 m thick) out�ow deposits exposed to the north and south

of the calderas.

Two key outcrops - an intracaldera vitrophyre and an out�ow vitrophyre - contain well-preserved, glass-bearing

juvenile material. This dissertation focuses primarily on glass-bearing crystal-rich (20-50%) and crystal-poor (<20%)

�amme from these two vitrophyre horizons and utilizes �amme glass, mineral, and bulk textures and compositions to

answer the following questions:

1. How was >1,200 km3 of magma stored in the Ora Magmatic System?

2. What magmatic processes are recorded in the textures and compositions of �amme glasses and minerals

from the Ora Ignimbrite? How does this in�uence our current understanding regarding the assembly of

large silicic magma systems and the processes that occur before eruption?

To address the �rst question, I document how �amme textures, glass compositions, and mineral compositions differ

between the intracaldera and out�ow vitrophyre units. Because these units have well-preserved volcanic glasses, we

can also use rhyolite-MELTS geobarometry to obtain quartz & two feldspar pressures and constrain the depths at

which these magmas were stored prior to eruption (Gualda and Ghiorso, 2014). By integrating textural observations,

compositional data, and modelling results, we can reconstruct critical aspects of the pre-eruptive architecture for the

Ora Magmatic System to gain insight on how >1,000 km3 of magma is stored in the shallow crust.

For question two, I investigate what magmatic processes facilitate the growth and eruption of crystal-rich (up to

50%) magmas. Mineral rim textures and compositions can reveal whether a magma was crystallizing or dissolving

in its �nal stages, while �amme glass compositions provide a snapshot of magmatic conditions immediately prior

to eruption. Zoned crystals preserve an integrated view of a magma body by recording how the melt composition

changed through time and the textures of these zones can identify periods of growth versus dissolution in the lifetime
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of the crystal. By obtaining core-to-rim analyses of zoned feldspars, documenting mineral zonation with cathodolu-

minescence images, and characterizing the textures and compositions of mingled glasses found in some crystal-poor

�amme, we can determine the pre-eruptive processes that occurred in this large silicic magma system. We compare

our �ndings on the Ora Ignimbrite with other supereruption-sized deposits such as the Fish Canyon Tuff, the Bishop

Tuff, and the Cerro Galan Ignimbrite to highlight the similarities and differences between the three main types of

supereruption-sized deposits: monotonous intermediates, crystal-poor rhyolites, and crystal-rich rhyolites.

Lastly, the sheer size of the Ora Ignimbrite, combined with its high crystal contents, leads me to this �nal question:

3. What do high-precision40Ar/ 39Ar sanidine ages reveal about the eruptive timeline of the Ora Ignimbrite?

Do they subdivide the Ora eruption into distinguishable volcanic pulses? Or, do they suggest that the

>1,200 km3 Ora Ignimbrite was deposited in a single event or brief eruptive period?

We seek to provide a temporal framework for the Ora supereruption by obtaining40Ar/39Ar sanidine ages for early,

middle, and late deposits in the southern and northern calderas. With current analytical capabilities, I attempt to obtain

an age precision of� 100 ka (2s ) for our least-altered, Permian-aged sanidines. If the Ora eruption spanned more

than � 250 ka, I can potentially demonstrate that this crystal-rich, supereruption-sized magma system experienced

multiple eruptive events. The possibility that some supereruptions occurred episodically, rather than instantaneously,

is signi�cant for understanding the storage and mobilization of crystal-rich magma in the shallow crust.

1.2 Dissertation Components

This dissertation is organized into the following four chapters, with each chapter intended to be a separate published

manuscript:

Chapter 2: Mush architecture and processes in the reservoirs of a supereruption-scale magma system inferred

from �amme glass compositions and textures, Permian Ora Ignimbrite (Northern Italy)

Chapter 3: Modelling alkali-exchange alteration in volcanic glass to obtain original rhyolitic melt compositions

and magma storage pressures for the Permian Ora Ignimbrite (Italy)

Chapter 4: Investigating the eruptive tempo of the crystal-rich, supereruption-sized Ora magma system (Per-

mian, Italy) with high-precision40Ar/ 39Ar sanidine ages

Chapter 5: The �nal moments before supereruption: magmatic architecture and pre-eruptive processes captured

by mineral rim and bulk �amma compositions

In Chapter 2, I investigate the magmatic architecture and dynamic processes of the supereruption-sized silicic

magma system that fed the Ora Ignimbrite. I obtain petrological, compositional, and textural data of crystal-rich
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and crystal-poor �amme from two outcrops: an intracaldera vitrophyre and an out�ow vitrophyre. I focus on these

two vitrophyre deposits because, while the entire Ora Ignimbrite is densely welded, only the vitrophyre horizons

contain �amme with preserved volcanic glass. Compositional analysis of �amme glasses provides us with information

regarding the pre-eruptive melt compositions of the magmas that fed the eruption and glass and mineral textures record

dynamic processes that occurred in the Ora Magmatic System. Chapter 2 has been accepted with minor revisions in

the Journal of Petrology.

Chapter 3 addresses the fact that the Ora �amme glasses show signs of alkali-exchange alteration. I present a

novel approach in which I model alkali-exchange alteration using rhyolite-MELTS to obtain original, unaltered glass

compositions. I demonstrate that rhyolitic glass can experience “reverse” alkali-exchange alteration in which Na is

replaced by K on a 1:1 atomic basis. I also obtain Q2F (quartz + two feldspar) pressure estimates for the Ora magma

bodies using our models and show that subtly altered �amme glasses can still provide meaningful information about

their magmatic origins. Chapter 3 is ready for submission.

In Chapter 4, I obtain present 10 incrementally heated40Ar/39Ar sanidine ages for early, middle, and late deposits

from the southern and northern calderas and from three out�ow units to provide further context for understanding

the spatio-temporal evolution of a giant rhyolitic magma system. Comparison of early-erupted sanidine ages from

both calderas can reveal whether there was a break in time for the two-stage, penecontemporaneous caldera collapse

model suggested by Willcock et al. (2015). To determine whether the Ora supereruption can be subdivided into

distinct volcanic pulses, we sampled from strata with observable changes in lithofacies and bulk rock geochemistry

(Willcock et al., 2013). I present model ages of our data using both a “goodness-of-�t” �ltering protocol (Jicha et al.,

2016; Ellis et al., 2017; Schaen et al., 2020) and an interquartile range �ltering protocol in an attempt to constrain

the eruptive chronology of the Ora Ignimbrite. Chapter 4 is close to being ready for submission, but our statistical

approach requires further scrutiny.

For Chapter 5, I compare mineral rim and bulk �amma compositions with matching �amme glass trace-element

compositions to improve our understanding of the processes that occur in the magma mush regions of large silicic

systems. I obtain sanidine and plagioclase core-to-rim traverses to understand how melt compositions changed through

time. Combining bulk �amma compositions, glass trace-element compositions, and feldspar rim compositions allows

us to reconstruct critical aspects of the Ora Magmatic System and the processes that occurred before eruption. Chapter

5 is in the preliminary stage, particularly the discussion section; further re�ning will be required prior to submission

for publication in scienti�c journals.

The �nal chapter (Chapter 6) presents the main conclusions of this dissertation and includes some ideas for future

work.
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CHAPTER 2

Mush architecture and processes in the reservoirs of a supereruption-scale magma system inferred from

�amme glass compositions and textures, Permian Ora Ignimbrite (Northern Italy)

2.1 Abstract

The Ora Ignimbrite (� 277 Ma) is a crystal-rich (� 40%), heterogeneous, supereruption-sized (� 1,300 km3) rhyolite

in northern Italy and the �nal eruptive product of the Athesian Volcanic Group (289-275 Ma), the largest Permian

volcanic district in Europe. Two key outcrops - an intracaldera vitrophyre and an out�ow vitrophyre - contain well-

preserved, glass-bearing juvenile material. We investigate at what scale heterogeneities existed in the Ora Magmatic

System by studying the geochemical and petrological characteristics of crystal-rich (20-50%) and crystal-poor (<20%)

�amme from the Ora vitrophyres, allowing us to reconstruct critical aspects of Ora's magmatic architecture and pre-

eruptive history and granting us further insight into the storage and dynamic processes that occur in large, crystal-rich,

silicic systems. Textural analysis of �amme reveals four types: the intracaldera vitrophyre has very coarse-grained

crystal-rich (VCCR) and �ne-grained crystal-poor (I-FCP) �amme, while the out�ow vitrophyre has coarse-grained

crystal-rich (CCR) and �ne-grained crystal-poor (O-FCP) �amme. The diversity of crystal-poor (I-FCP & O-FCP)

�amme glass trace-element compositions suggests that multiple small crystal-poor magma bodies were dispersed

throughout the Ora Magmatic System. Compositionally and texturally distinct glass types in single O-FCP �amme

preserve evidence of variable degrees of magma mixing and record different mingling to eruption timescales, revealing

that the Ora Magmatic System experienced multiple silicic recharge events. In the crystal-rich (VCCR & CCR)

�amme, high crystal contents (VCCR: 40-50%; CCR: 20-40%), large crystals (max grain size: VCCR: 4-10 mm;

CCR: 3-4 mm), and interlocking growth textures suggest that these �amme contain parcels of disaggregated magma

mush. High-silica rhyolite glass compositions (77.2-78.3 wt.% SiO2) and extremely depleted Sr (VCCR:<20; CCR:<5

ppm) and Ba (VCCR:<70; CCR:<20 ppm) glass trace-element concentrations indicate that the crystal-rich �amme

glasses represent highly fractionated melts. Crystal-rich �amme glass trace-element compositions also form discrete,

tightly clustered populations, suggesting that multiple crystal-rich, melt-dominated magma bodies existed prior to

eruption. We propose that the coexistence of large-scale heterogeneity (e.g., deposit-scale and outcrop-scale) with

small-scale homogeneity observed in crystal-rich �amme is resolved by a model in which at least two separate magma

reservoirs, each containing multiple melt-dominant magma bodies, erupted to form the Ora Ignimbrite.

2.2 Introduction

Supereruptions, events that expel > 450 km3 of magma from the subsurface, are the most extreme expressions of

explosive volcanism on Earth (Sparks et al., 2005; Self, 2006; Lowenstern et al., 2006; Miller and Wark, 2008).
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The products of these colossal eruptions range from crystal-rich (> 35% crystals) to crystal-poor (< 15% crystals),

re�ecting variable conditions of magma storage and crystallization in the shallow crust. Some of the largest (> 5,000

km3) volcanic deposits in the geologic record are characteristically crystal-rich (� 40-50%), dacitic in composition,

and compositionally homogeneous at the bulk rock scale (e.g. Fish Canyon Tuff, Bachmann et al., 2002; Wah Wah

Springs Tuff, Best et al., 2013), leading to their classi�cation as “monotonous intermediates” (Hildreth, 1981). These

ignimbrites are thought to represent rejuvenation and remobilization of a crystal mush, driven by volatile and thermal

input from basaltic underplating (Bachmann et al., 2002; Bachmann and Bergantz, 2006; Huber et al., 2009, 2012). On

the other side of the spectrum are crystal-poor (< 15%), supereruption-sized ignimbrites (e.g., Bishop Tuff, Hildreth,

1979, 2004; Hildreth and Wilson, 2007) that commonly form compositionally zoned deposits. Historically, these

eruptions have been interpreted to represent the initial evacuation of a homogeneous high-silica rhyolite (> 75 wt.%

SiO2) cap and the subsequent eruption of an underlying, compositionally and thermally strati�ed magma body (e.g.,

Hildreth, 1979, 2004; Hildreth and Wilson, 2007); however, more recent studies have proposed that the zonation is due

to the tapping of multiple magma bodies (Cooper et al., 2012; Gualda and Ghiorso, 2013; Bégué et al., 2014; Swallow

et al., 2018; Gualda et al., 2022).

There is an emerging category of large, crystal-rich ignimbrites that defy classi�cation as "monotonous intermedi-

ates", and which have some traits that are similar to crystal-poor zoned ignimbrites (van Zalinge et al., 2017). These

ignimbrites are crystal-rich (> 35 %) rhyolites and relatively heterogeneous, with wide variations in crystal content

and bulk rhyolite compositions throughout. Examples of these crystal-rich rhyolites include the Cardones Ignimbrite

(Chile, van Zalinge et al., 2017), the Wurzen Ignimbrites (Germany, Repstock et al., 2018, 2022), the Caetano Tuff

(USA, Watts et al., 2016), and the Youngest Toba Tuff (Indonesia, Chesner, 1998; Pearce et al., 2020); heterogeneities

in these deposits are interpreted to be caused by the tapping of multiple magma bodies. Another example of a large,

crystal-rich rhyolite is the supereruption-sized (> 1,300 km3) Ora Ignimbrite (Italy, Willcock et al., 2013, 2014, 2015),

which is the subject of this study.

Investigations into the pre-eruptive storage conditions and magmatic processes of large, silicic systems utilize

petrological, compositional, and textural data from erupted juvenile clasts (i.e., pumice, �amme) to provide us with

snapshots of magma systems immediately prior to eruption. Recent studies have demonstrated that a single model

for supersized silicic magma systems does not fully encapsulate the diversity of storage conditions and pre-eruptive

processes that occur (e.g., Cashman and Giordano, 2014; Wilson et al., 2021). Therefore, continuing to study large

silicic systems is necessary to better understand the mechanisms that control the pre-eruptive distribution of magma in

the shallow crust and the magmatic processes that lead to their destabilization and catastrophic eruption.

Within the last 20 years, the concept of multiple magma bodies existing within a larger crystal mush network

has proliferated (Lipman, 2007; Miller et al., 2011; Cashman and Giordano, 2014; Sparks et al., 2022). Glass trace-

element compositions can suggest the presence of multiple discrete magma bodies prior to eruption (e.g., Cooper et.
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al., 2012; Gualda and Ghiorso, 2013; Bégué et al., 2014; Alloway et al., 2015; Cooper et al., 2016; Myers et al.,

2016; Swallow et al., 2018; Pearce et al., 2020; Gualda et al., 2022). Mineral textures and compositions can also

provide evidence that supports the existence of multiple magma bodies by re�ecting growth under variable conditions

(Cooper et al., 2012; Druitt et al., 2012; Pamukcu et al., 2013; Ellis et al., 2014; Cooper et al., 2016; van Zalinge et al.,

2017; Swallow et al., 2018; Foley et al., 2020; Repstock et al., 2022). The magmatic processes that may occur within

these magma bodies, such as magma mingling (i.e., the physical interaction of multiple magmas), can be recorded in

volcanic glass textures (Lipman, 1967; Clynne, 1999; Streck and Grunder, 1999; Aguirre-Díaz, 2001; Leonard et al.,

2002; Wright et al., 2011; Tomiya et al., 2013; Foley et al., 2020) and in crystals as disequilibrium features formed

by a reaction to the new host magma (Clynne, 1999; Baxter and Feely, 2002; Leonard et al., 2002; Prelevíc et al.,

2004; Ubide et al., 2014). Ultimately, studying glass and mineral textures and compositions from juvenile material is

essential to better understand the storage and dynamic processes that occur in large, crystal-rich, silicic systems.

Insights gained from studying the Ora Magmatic System may enhance our understanding of pre-eruptive magma

generation and storage conditions in other post-Variscan caldera complexes in central Europe such as the Sesia Mag-

matic System (Quick et al., 2009; Singoi et al., 2010; Tavazzani et al., 2017, 2020), the Erzgebirge calderas in the

Altenberg-Teplice Volcanic Complex (Muller et al., 2005; Breiter et al., 2012; Casas-García et al., 2019), and the

Rochlitz and Wurzen calderas in the North Saxon Volcanic complex (Repstock et al, 2018; Hubner et al., 2021; Rep-

stock et al., 2022). These volcanic centers all experienced large, rhyolitic, crystal-rich, caldera-forming eruptions

from 314-284 Ma (Wendt et al., 1995; Schaltegger and Brack, 2007; Hoffman et al., 2012; Karakas et al., 2019;

Tichomirowa et al., 2022); however, apart from the Teplice rhyolite (Casas-García et al., 2019), these deposits lack

preserved volcanic glass. These ignimbrites have the same major phases as the Ora Ignimbrite (quartz + sanidine + pla-

gioclase + biotite) and were erupted in similar tectonic settings and time periods; therefore, the melts that contributed

to these post-Variscan, caldera-forming eruptions may have been similar to the melts that existed in the Ora Magmatic

System. Well-preserved, glassy �amme from the Ora Ignimbrite vitrophyres can potentially provide information on

the melts that existed in these comparable magmatic complexes and shed light on the mechanisms of pre-eruptive

magma generation in these systems.

In this work, we investigate the magmatic architecture and dynamic processes of the Permian (� 277 Ma), crystal-

rich, supereruption-sized, silicic magma system that fed the Ora Ignimbrite. We obtain petrological, compositional,

and textural data of crystal-rich and crystal-poor �amme from two outcrops: an intracaldera vitrophyre and an out�ow

vitrophyre. We focus on these two vitrophyre deposits because, while the entire Ora Ignimbrite is densely welded,

only the vitrophyre horizons contain �amme with preserved volcanic glass. Mineralogical and chemical whole-rock

variations throughout the Ora Ignimbrite have already been documented by Willcock et al. (2013, 2015); therefore,

careful characterization of glass-bearing juvenile material from the two intracaldera and out�ow vitrophyre units al-

lows us to reconstruct critical aspects of the Ora Magmatic System in greater detail. Compositional analysis of �amme
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glasses provides us with information regarding the pre-eruptive melt compositions of the magmas that fed the eruption

and glass and mineral textures record dynamic processes that occurred in the Ora Magmatic System. By investigating

the compositional, textural, and mineralogical characteristics of crystal-rich and crystal-poor �amme from the Ora

Ignimbrite, we hope to gain further insight into the pre-eruptive storage conditions of crystal-rich rhyolites and the

magmatic processes that lead to their development.

2.3 Geologic Background

In the Southern Alps (Northern Italy), there is a� 250 km wide E-W belt of coeval magmatic centers that stretches

from the Ivrea-Verbano Zone (near Baveno, Italy) to the Athesian Volcanic Group (near Bolzano/Bozen, Italy) (Schal-

tegger and Brack, 2007). In the Early Permian, multiple silicic calderas and associated intrusions formed in a brief

time-period along this transect (285-275 Ma; Schaltegger and Brack, 2007). Cassinis et al. (2012) suggest that the co-

incidence of an oceanic spreading center, transform margin, and the subduction of the oceanic crust of the Paleotethys

produced a stable transform-trench-ridge triple-junction and was responsible for the abundance of magmatic activity

in this region. Muttoni et al. (2003) and Schaltegger and Brack (2007) suggest that a similar process of trans-tensional

tectonics along a continental-sized mega-shear led to voluminous magmatism in the southern Alps. Coupled extension

and strike-slip movement allowed for upwelling of the asthenosphere, resulting in an elevated geothermal gradient and

facilitating the formation of large, trans-crustal magmatic systems (Cortesogno et al., 1998; Schaltegger and Brack,

2007).

In the Ivrea-Verbano Zone, tilted crustal blocks reveal 25 km of the trans-crustal Sesia Magmatic System beneath

a rhyolitic caldera (Quick et al., 2009; Singoi et al., 2010; Tavazzani et al., 2017, 2020). High-precision zircon CA-ID-

TIMS U-Pb ages constrain the duration of magma accretion and evolution to� 282-286 Ma, with the caldera-forming

eruption at 283.5 Ma (Karakas et al., 2019). This exposure includes a deep ma�c complex (0.8 to 0.5 GPa; Demarchi

et al., 1998), an upper crustal granitic pluton (Valle Mosso Roccapietra, 0.4 to 0.2 GPa; Tavazzani et al., 2017, 2020),

and rhyolitic intracaldera deposits (Sesia Caldera; Sbisá, 2009). It is likely that, from 285-275 Ma, deep magma

generation, hybridization, and upper crustal emplacement occurred at all the magmatic centers along the Southern

Alps transect (Schaltegger and Brack, 2007).

While Sesia provides us with a window to observe the trans-crustal magmatic architecture of the Early Permian

Southern Alps magmatic complexes, the related volcanic rocks at Sesia are much less exposed. Fortunately, 250 km to

the east along the Southern Alps transect lies the Athesian Volcanic Group, which consist of > 2 km thick sequences

of volcanic and subvolcanic rocks with abundant outcrops (Bargossi et al., 1999; Brandner et al., 2016). Volcanism

in this region spanned� 15 million years (289-275 Ma) and transitioned from primarily effusive to large ignimbrite

eruptions through time (Visonà et al., 2007; Marocchi et al., 2008; Morelli et al., 2012). The Athesian Volcanic Group

deposits record a compositional shift from rhyodacitic-andesitic to rhyolitic immediately after eruption and deposition
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of the largest eruptive unit, the rhyodacitic Gargazzone Ignimbrite, and the resulting caldera collapse (Marocchi et

al., 2008; Morelli et al., 2012; Brandner et al., 2016). Two smaller rhyolitic ignimbrites (Nalles Formation and Gries

Formation) and one rhyolitic lava (Andriano Formation) predate the �nal eruptive product of the Athesian Volcanic

Group, the rhyolitic Ora Ignimbrite.

The supereruption-sized (> 1,300 km3) Ora Ignimbrite erupted to form two nested calderas (northern and southern)

that are separated by a paleotopographic high (Willcock et al. 2013, 2015; Fig. 1). Both calderas together are roughly

40 x 42 km in size and are bounded by steeply dipping normal faults (� 75-90°). Glacial and �uvial incision have

exposed a > 1,000 m thick section of densely welded intracaldera deposits, with less voluminous out�ow units exposed

to the north and south of the caldera complex (Fig. 1). Willcock et al. (2013; 2015) suggest that deposition of such

large intracaldera deposits was facilitated by caldera collapse early in the eruption sequence and that there likely was

continuous slip along the caldera-bounding faults as the underlying magma erupted.

The Ora Ignimbrite deposits are rhyolitic (72.5-77.7 wt.% SiO2), crystal-rich (� 25-55%), lithic poor (< 1.5%),

and contain both crystal-rich and crystal-poor �amme for an average of� 20% juvenile clasts throughout the deposit

(Willcock et al., 2013, 2015). Willcock et al. (2015) investigated the bulk-rock compositions and mineralogy of the

Ora Ignimbrite deposits and suggest that Ora magmas were stored in multiple reservoirs and erupted from discrete

vents. They also propose that caldera collapse and eruption initiated in the south and migrated northward through time

because the southern intracaldera deposits are compositionally less evolved and more biotite-rich compared to the

northern intracaldera deposits. Furthermore, the Ora eruption is interpreted to have formed dense collapsing eruptive

columns, generating high-mass �ux fountains (Willcock et al., 2015). As observed in other crystal-rich supereruptions

(e.g., Fish Canyon Tuff, Cerro Galan Ignimbrite, Wah Wah Springs Tuff), the Ora Ignimbrite lacks basal Plinian fallout

deposits (Lipman, 2007; Cas et al., 2011; Best et al., 2013; Willcock et al., 2013).

Marocchi et al. (2008) report three U-Pb single-crystal ID-TIMS zircon ages for the Ora Ignimbrite: 277 ± 2.0

Ma for a sample from the northern intracaldera, and 274.2 ± 2.9 Ma and 274.1 ± 1.6 Ma for two samples from the

northern out�ow (Fig. 1). For the southern intracaldera, Schaltegger and Brack (2007) report two U-Pb single crystal

ID-TIMS zircon ages: 277 ± 5.0 Ma and 277.6 ± 0.6 Ma. Barth et al. (1994) report Th-Pb allanite ages of 276.2 ±

3.2 and 276.3 ± 2.2 Ma for the vitrophyre at the base of the northern out�ow (locality Ora 2a in this work). Marocchi

et al. (2008) suggest that the age gap between the intracaldera and out�ow deposits, while within error, may indicate

that the out�ow deposits substantially postdate the main intracaldera volcanism. However, Willcock et al. (2013) state

that the absence of evidence for paleosols and erosional unconformities, in combination with the internal variation in

the ignimbrite (e.g. matrix crystal content, biotite content), suggest that the variation represents different periods in a

single, continuous eruption and pyroclastic �ow event. Therefore, in this work, we will refer to the “Ora eruption” as

a singular eruption because suf�cient evidence does not yet exist to con�dently state whether the Ora Ignimbrite was

the product of a single eruption or multiple eruptions.
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