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ABSTRACT

Silicic calderas globally tend to record a cyclic magmatic, structural, and eruptive evolutionary progression.
Some calderas are polycyclic, involving multiple catastrophic collapses in the same approximate location. Here
we discuss five examples from well-studied, geologically-young and active magmatic systems: The Kos-Nisyros
Volcanic Complex (Greece), Long Valley (USA), Campi Flegrei (Southern Italy), Rabaul (Papua New Guinea),
and Okataina (New Zealand) in order to gain insights on the inner workings of caldera systems during the build
up to and recovery from large explosive eruptions. We show that the sub-caldera magmatic system evolves
through a series of processes, here collectively termed “caldera cycle”, that are common to monocyclic and
polycyclic calderas. In the case of polycyclic calderas, they accompany the transition from one caldera-forming
eruption to the next. The caldera cycle comprises (1) the period of pre-collapse activity (incubation, maturation,
widespread presence of a magmatic volatile phase), (2) the catastrophic caldera-forming (CCF) eruption, and (3)
post-collapse recovery (resurgence, renewed eruptions, subsequent maturation) or the possible cessation of the
cycle. The incubation phase corresponds to a period of thermal maturation of the crust, during which eruptions
are frequent and of small volume due to the limited capability of reservoirs to grow. During the maturation
phase, magma reservoirs gradually grow, coalesce, homogenize, magmas differentiate, and eruption frequency
decreases. The system transitions into the fermentation phase once an exsolved magmatic volatile phase is
continuously present in the reservoir, thereby increasing the compressibility of the magma and instigating a
period of runaway growth of the reservoir. A CCF eruption at the end of the fermentation phase could be the
concatenated result of multiple magmatic processes (including magma recharge, volatile exsolution, and crystal
mush remelting) pressurizing the reservoir, while external factors (e.g., tectonic processes) can also play a role.
Postcaldera eruptions, subvolcanic intrusions, and hydrothermal activity typically continue, even if the magma
supply wanes. If, however, magma supply at depth remains substantial, the system may recover, initially
erupting the remobilized remains of the CCF reservoir and/or new recharging magmas until a shallow reservoir
starts to grow and mature again. Placing other calderas worldwide within this framework would enable to test
the robustness of the proposed framework, deepen the understanding of what controls the duration of a cycle and
its individual phases, and refine the petrologic, geophysical, and unrest symptoms that are characteristic of the
state of a system.

1. Introduction

Volcanic unrest, particularly in areas that have experienced cata-
strophic caldera-forming (CCF) eruptions in the past, creates important
dilemmas for hazard assessment, as many episodes of unrest do not lead
to an eruption and few eruptions are caldera-forming (Newhall and
Dzurisin, 1988). The inherent difficulty is that the “brewing time” to
grow subvolcanic reservoirs to gigantic sizes (up to several thousands of
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km®) may take 10s to 100s of thousands of years to millennia but the
evacuation time is typically much shorter (i.e., on the order of days).
During the growth stage of caldera-related magma reservoirs, countless
“unrest episodes” happen, likely recording recharge events in their
subvolcanic storage zone, but few of those unrest episodes have major
consequences on people living around the volcano. The ground may
deform and shake, hot gases may vent more vigorously, but then the
system falls back to sleep (e.g. Campi Flegrei in the 1970s and 1980s,
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Rabaul in the 1980s, Nisyros in the 1990s, Taal in 2020) and little or no
magma reaches the surface. Even if small amounts erupt from time to
time (for example, Monte Nuovo in 1538 CE at Campi Flegrei, Italy or
Rabaul, Papua New Guinea in 1994), climactic eruptions of 10s to 100s
or even 1000s of km® volume are rare, and interpreting possible signs of
an impending major caldera-forming event can be challenging for the
volcanological community. Hence, understanding the magmatic pro-
cesses occurring beneath silicic calderas and relating them to the pat-
terns of unrest remains a major goal in volcanology.

Silicic caldera-forming eruptions are often preceded by mafic to si-
licic eruptions, and followed by activity that can be resurgent (i.e., uplift
of the caldera floor) or magmatic (i.e., intrusion or eruption along the
collapse faults) (Lipman, 2000). Some magmatic systems around the
world have produced multiple caldera-forming eruptions in the same
approximate location (i.e., nested calderas). For example, the Yellow-
stone Plateau volcanic field (USA) erupted three major ignimbrite sheets
during the last 2.1 Myr (Christiansen, 2001). Lake Toba in northern
Sumatra (Indonesia) produced at least three caldera forming eruptions,
the last of which (the Youngest Toba Tuff; ~74 ka) is the largest eruption
in the Quaternary (Knight et al., 1986; Chesner and Rose, 1991; Chesner
et al., 1991). Thus, it is likely that a number of volcanic systems in the
world have the potential to produce a future large caldera-forming
eruption (Newhall and Dzurisin, 1988).

Although countless studies have applied field, petrologic, geochro-
nologic, and geophysical data to ignimbrite caldera processes, several
questions remain unresolved. For example: What are the long- and short-
term precursors of a caldera-forming eruption? When is the transition from
post-caldera (recovery) activity to pre-caldera (precursory) activity and how
does it occur? What controls the recurrence intervals between caldera-
forming eruptions? How to interpret signs of unrest? In order to bring ele-
ments of answers to these questions, we further the concept of a
generalized ‘caldera cycle’, as earlier proposed by Smith and Bailey
(1968), Lipman (1984, 2000) and Cole et al. (2005), to include the
detailed temporal evolution of the state and properties of the sub-
volcanic system. The caldera cycle, whether for mono- or polycyclic
systems, comprises (1) the period of pre-collapse activity (incubation,
maturation, exsolution of a widespread magmatic volatile phase), (2)
the catastrophic caldera-forming (CCF) eruption, and (3) post-collapse
recovery (resurgence, renewed eruptions, subsequent maturation) or
the possible cessation of the cycle. Unlike previous studies, however, we
view the onset of incubation or recovery from a previous CCF eruption as
the onset of the caldera cycle and the occurrence of the CCF eruption as
the end of a caldera cycle. The duration of a full caldera cycle thus
corresponds to the repose time between two CCF eruptions. We use the
term CCF eruption to distinguish a violently explosive eruption of sub-
stantially (one or more orders of magnitude) larger volume than the
usual, average eruption volume of a given system.

This paper discusses specificities of the caldera cycle based on the
chronology and magmatic compositions at five well-studied, geologi-
cally-young and active magmatic systems: Kos-Nisyros (Greece), Long
Valley (CA, USA), Campi Flegrei (Italy), Rabaul (Papua New Guinea),
and Okataina (New Zealand). The initial intent was to review more such
well-studied caldera complexes in order to also gain insights into the
duration of the caldera cycle and the influence of tectonic setting, but
this has proven to be challenging. The incompleteness of petrologic data
for many systems limits the interpretive approach we propose. The
timescales for the stages of magmatism and the conditions that precede
most CCF eruptions are insufficiently known despite many studies. This
could be due to the challenges associated with studying inter-caldera
eruptions that are smaller, often less well preserved, and potentially
harder to date, in addition to being less glamourous (as less hazardous).
We hope that expanded datasets will develop to test the model and
strengthen our understanding of the topic. Identifying the common
points in the evolution of ignimbrite caldera systems is essential for a
better assessment of volcanic hazards at active calderas.
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2. Case studies
2.1. Kos-Nisyros Volcanic Complex

The Kos-Nisyros Volcanic Complex; Fig. 1) has been active for more
than 3 My and is a result of the South African plate subducting beneath
the Aegean microplate (Fytikas et al., 1976; Bachmann et al., 2010). Its
volcanic activity culminated 161 ky ago (Fig. 2; Smith et al., 1996;
Guillong et al., 2014) in a caldera-forming eruption that ejected >60
km® DRE of pumice and ash, producing the Kos Plateau Tuff (Allen,
2001). Post-Kos Plateau Tuff magmatic activity built the islands of
Nisyros and Yali. The youngest phreatic eruption occurred in 1888 CE
(Groceix, 1873; Dietrich and Lagios, 2018) while the latest magmatic
eruption is around 20 ka (Popa et al., 2020), both from Nisyros. Two
post-Kos Plateau Tuff explosive eruptions, the Lower and Upper Pumice,
were caldera-forming and produced the 4 km wide depression at the
summit of Nisyros. However, these are not considered to be CCF erup-
tions as they are at least one order of magnitude less voluminous than
the Kos Plateau Tuff and of similar volume as other pre- and post-Kos
Plateau Tuff eruptions with no associated calderas (Dietrich and
Lagios, 2018; Popa et al., 2019). The Kos-Nisyros Volcanic Complex may
not be an ideal location to discuss caldera cycles as it has limited age
constraints (problems with excess Ar in the old eruptive units, absence of
charcoal for radiocarbon dating in the young deposits (Volentik et al.,
2005; Zellmer and Turner, 2007; Bachmann et al., 2010)), and is mostly
under water thereby yielding few outcrops to study. However, it has
been the subject of detailed petrologic and geochemical studies for over
forty years (Di Paola, 1974; Wyers and Barton, 1989; St Seymour and
Vlassopoulos, 1992; Vougioukalakis, 1993; Dabalakis and Vougiouka-
lakis, 1993; Buettner et al., 2005; Pe-Piper et al., 2005; Bachmann et al.,
2007; Zellmer and Turner, 2007; Francalanci et al., 2007; Braschi et al.,
2012, 2014; Dietrich and Popa, 2018), the relative and absolute ages of
eruption are increasingly well constrained (Guillong et al., 2014; Popa
et al., 2020), and a growing number of studies have considered the
system as a whole, linking the various volcanic centers and deposits in a
common magmatic framework (Di Paola, 1974; Pe-Piper and Moulton,
2008; Bachmann, 2010; Piper et al., 2010; Bachmann et al., 2012, 2019;
Dietrich and Popa, 2018; Popa et al., 2019). The occurrence of only one
CCF eruption also presents the advantage of enabling to reconstruct the
early history of the system, from the initiation of magmatism to the
(first) CCF eruption, something that is not possible where multiple CCF
eruptions have occurred, obliterating the early eruption record (e.g.
Campi Flegrei, Rabaul or Okataina).

2.2. Long Valley caldera

The Long Valley caldera and its associated volcanic field are located
in the Owens Valley Rift in central eastern California, straddling the
Sierra Nevada and western Basin and Range provinces (Fig. 1). Volcanic
activity in the area initiated 4-4.5 My ago (Moore and Dodge, 1980),
shortly after the onset of rifting (Larson et al., 1968; Ward, 1991), and
culminated 765 ky ago (Andersen et al., 2017) with the eruption of the
~650 km® Bishop Tuff that produced the Long Valley caldera (Fig. 3;
Hildreth, 1979). Post-caldera magmatic activity continued in the center
of the caldera and then to the west and northwest producing a vast array
of mafic to silicic vents. The youngest eruptive episode in the region was
rhyolitic and occurred in the 14th century from the Mono and Inyo
volcanic chains (Sieh and Bursik, 1986; Bursik et al., 2014). The Long
Valley system is well-documented and extensively dated, providing an
excellent example of evolution from the onset of magmatism to the
(first) CCF eruption. As for the Kos-Nisyros Volcanic Complex, the sys-
tem has only experienced one CCF eruption, which is why the early
magmatic activity is preserved in the geologic record. Although it hasn’t
been previously studied and interpreted within a framework of caldera
cycles per se, its temporal evolution has been described in detail (e.g.
Bailey, 2004; Hildreth, 2004) and it has the advantage over the Kos-
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Fig. 1. Location and simplified geologic maps of the five case studies: (A) The Kos-Nisyros Volcanic Complex, (B) Long Valley, (C) Rabaul, (D) Campi Flegrei, and (E)
Okataina. The distribution of vents and deposits is from (Nairn et al., 1989; Pappalardo et al., 1999; Bailey, 2004; Hildreth, 2004; Deering et al., 2011b; Cole et al.,
2014; Bachmann et al., 2019). Deposits related to catastrophic caldera-forming (CCF) events are in red or purple while deposits from inter-caldera eruptions are
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web version of this article.)
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Fig. 2. Temporal evolution of magma compositions (bulk rock SiO, content), pre-eruptive temperatures and water contents at the Kos-Nisyros Volcanic Complex.
When known, erupted volumes of individual eruptions (Dietrich and Lagios, 2018) are shown with blue circles of scaled area. Purple, blue, red and green arrows
indicate the timings of the incubation, maturation, fermentation, and recovery phases, respectively. Bulk rock SiO, contents are from the data compilation of Dietrich
and Popa (2018). Temperature and H,O contents are from Popa et al. (2019) for the evolved Nisyros and Yali units, and Bachmann et al. (2012) for the KPT and pre-
KPT units. Temperature and H,O contents for the early mafic units of Nisyros were computed from the data of Spandler et al. (2012) using the clinopyroxene-liquid
(whole-rock composition in this case) geothermometer of Putirka (2008) and the plagioclase hygrometer of Waters and Lange (2015). Zircon crystallization ages are
from Bachmann et al. (2007). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Temporal evolution of magma compositions (bulk rock SiO», Rb/Sr, Ba, and Zr contents) and crystal content at Long Valley caldera. Notice the particularly
high Ba and Zr contents in the Early Rhyolite, that we interpret as post-Bishop Tuff cumulate mush melting. When known, erupted volumes for the various eruptive
episodes are labeled in blue next to the average crystal content of magmas from the same episode. Purple, blue, red and green arrows indicate the timings of the
incubation, maturation, fermentation, and recovery phases, respectively. Data is from Metz and Mahood (1991), Bailey (2004), Hildreth and Wilson (2007), Van
Kooten (1980), Hildreth (2017), Heumann and Davies (1997), Sampson and Cameron (1987), and Kelleher and Cameron (1990). Duration of the resurgent uplift is
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Nisyros Volcanic Complex of being wholly subaerial and easier to date,
thereby providing a more complete record of magmatic volumes and
evolution.

2.3. Campi Flegrei

Campi Flegrei is a polycyclic caldera located in the Campanian Plain
(Southern Italy), an area that has been affected by crustal extension
since the Pliocene due to the opening of the Tyrrhenian back arc basin
behind the Apennine subduction zone (e.g. Scandone and Patacca,
1984). The onset of magmatic activity at Campi Flegrei is unknown; the
oldest volcanic rocks in the area date back to ~60 ka and refer to
eruptive centers located outside the present caldera (Pappalardo et al.,
1999) (Fig. 1). The Campi Flegrei caldera sourced at least two cata-
strophic eruptions, the Campanian Ignimbrite, ~40 ka (Giaccio et al.,
2017)) and the Neapolitan Yellow Tuff, ~15 ka (Deino et al., 2004), that
produced ~200 and ~40 km® of trachyphonolitic magma (DRE),
respectively (Fig. 4). The volcanic activity between the two caldera-
forming eruptions (pre-Neapolitan Yellow Tuff) was mainly character-
ized by small and frequent eruptions from volcanic centers located in-
side and close to the rims of the Campanian Ignimbrite caldera
(Pappalardo et al., 1999) (Fig. 1). A third large eruption (Masseria del
Monte; ~16 km® DRE), although not associated with an exposed
collapsed structure, has been recently identified at Campi Flegrei and
dated at 29.3 ka (Albert et al., 2019). The estimated volume and
magnitude of this eruption are based on the correlation between the
proximal deposits with the tephra layer Y3 that covers an area of
>150,000 km? in the Mediterranean region. Since the Neapolitan Yel-
low Tuff eruption, Campi Flegrei caldera has been the site of more than
60 small eruptions (<1 km> DRE) divided into three epochs of activity
(Fig. 4). The most recent eruption, Monte Nuovo at 1538 CE (Di Vito
et al., 1987) has marked the beginning of a new period of quiescence
characterized by fumarolic activity and several episodes of ground
deformation (Chiodini et al., 2016; Kilburn et al., 2017). Stratigraphic
and geochronological reconstructions of the evolution of the Campi
Flegrei magmatic system during the last 60 ka are some of the most
detailed that exist (Forni et al., 2018 and references therein) and thus
provide a robust time-constrained petrological framework to analyze the
phases of activity that lead up to and follow a CCF eruption.

2.4. Rabaul caldera

The Rabaul caldera is a 7-10 km-diameter polycyclic caldera in
Papua New Guinea (Fig. 1; Nairn et al., 1995). Volcanism in the region is
related to the subduction of the Solomon Sea Plate below the South
Bismarck Plate (Tregoning et al., 1999). The onset of magmatic activity
at Rabaul is unknown, but mafic stratovolcanoes surrounding the pre-
sent caldera (Fig. 1) date back to 100-500 ka (Nairn et al., 1995; McKee
and Duncan, 2016). Rabaul is the locus of at least four and possibly up to
nine ignimbrite eruptions in the past 18,000 years (Nairn et al., 1995;
McKee and Duncan, 2016). The most recent caldera-forming ignimbrite
is the 11 km® (uncompacted volume) Rabaul Pyroclastics, dated at
667-699 CE by radiocarbon (Fig. 5; McKee et al., 2015). The penulti-
mate recognized caldera-forming eruption produced the ~10.5 ka
Vunabugbug Ignimbrite with an uncompacted volume of 3-5 km®
(Nairn et al., 1995; McKee and Duncan, 2016), excluding distal tephra
fall deposits. Between these two eruptions, the ~4 ka Memorial Ignim-
brite, with a volume of at least 1 km?, is likely a third recent caldera-
forming eruption (Fabbro et al., in prep). Its volume is poorly con-
strained as the deposit has not been correlated with other proximal
deposits or distal tephra. Post-Rabaul Pyroclastics eruptions have been
along the ring fault. The most recent episode, from 1994 to 2014, is a
rare example of simultaneous eruptions from vents on opposite sides of
the caldera (Vulcan and Tavurvur) (Williams, 1995; Patia et al., 2017;
Mckee et al., 2018). Two small stratovolcanoes on the NE caldera rim are
rare pre-Rabaul Pyroclastics vents, and others were likely obliterated by
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the Rabaul Pyroclastics caldera collapse. Pre-Vunabugbug deposits are
largely buried by more recent eruptions, and potential intra-caldera
deposits are submerged beneath Blanche Bay. Nevertheless, Rabaul is
a good example of high-frequency but small-volume caldera-forming
eruptions, and its temporal evolution has been studied in detail (Nairn
et al., 1995; Wood et al., 1995; McKee et al., 2015; McKee and Duncan,
20165 McKee and Fabbro, 2018). It is also a rare case example of intense
caldera unrest (1970s to 1994) followed by eruptions (1994-2014) that
provide a snapshot of the current state of the magma system (Bouvet de
Maisonneuve et al., 2015; Fabbro et al., 2020).

2.5. The Okataina Volcanic Centre

The Okataina Volcanic Centre is a polycyclic caldera that lies at the
northern end of the central Taupo Volcanic Zone on the North Island of
New Zealand (Fig. 1; Cole et al., 2014). It is part of the most frequently
active and productive Quaternary silicic system on Earth (Houghton
et al.,, 1995). Volcanism in the area is a result of active rifting and
westward subduction of the Pacific Plate beneath the Australian Plate
(Cole, 1990; Wilson et al., 1995). Rhyolitic volcanism at Okataina may
have started as early as ~625 ka (Cole et al., 2014). Okataina is home to
three major caldera-forming eruptions (Fig. 6). The earliest occurred
~557 ka (Leonard et al., 2010) and produced the poorly-exposed, ~90
km® Utu Ignimbrite (Nairn, 2002; Deering et al., 2011b). The second
occurred ~322 ka (Leonard et al., 2010) and is associated with the
>160 km® Matahina Ignimbrite (Deering et al., 2011b). The most recent
occurred ~46 ka (Danisik et al., 2012; Flude and Storey, 2016) and
produced the >100 km?® Rotoiti Ignimbrite (Nairn, 2002; Shane et al.,
2005). Throughout the history of Okataina, intra- and extra-caldera
rhyolite domes have been extruded, accompanied by localized block-
and-ash flows and periodic Plinian eruptions (Cole et al., 2010). Evi-
dence for pre-Utu rhyolitic eruptions exists as distal tephra layers
(Manning, 1996) and angular lithic blocks within the Utu ignimbrite
(Cole et al., 2014). Domes to the SW, NW, and NE of Okataina and the
Murupuru Pyroclastics Subgroup were erupted post-Utu but pre-
Matahina (Manning, 1996; Deering, 2009; Cole et al., 2010; Deering
et al., 2011b). Following the Matahina CCF eruption, the Onuku Pyro-
clastics, the Pokopoko Pyroclastics, a number of rhyolite domes, and the
immediately pre-Rotoiti, basaltic Matahi Scoria were emplaced (Cole
et al., 2010, 2014). The Rotoiti CCF eruption was directly followed by
the Earthquake Flat Pyroclastics, and then the Mangaone tephra
sequence (45-28 ka; Jurado-Chichay and Walker, 2000) and young
(<25 ka) lava domes erupted from two sub-parallel NE trending vent
zones (the northern Harorharo and southern Tarawera vent zones) that
transect the caldera complex (Cole et al., 2010). The most recent erup-
tions were the rhyolitic Kaharoa eruption in 1314 CE (Nairn et al., 2004)
and a basaltic fissure eruption in 1886 CE, from the same segment of
Tarawera vents (Sable et al., 2006). Although this system has been
extensively studied, there are little to no petrologic investigations of
most of the inter-CCF deposits (except for the post-Rotoiti eruptions) and
the magmatic conditions that led to the Utu ignimbrite are unknown.
Nevertheless, the short-term build-up to and recovery from the Rotoiti
and Matahina CCF eruptions provides valuable insights into the caldera
cycle concept.

3. Temporal evolution of sub-caldera reservoirs

Calderas are produced by any form of roof collapse into a large un-
derlying shallow magma reservoir. Rather than the many mechanisms of
roof collapse that have been recognized (Lipman, 2000; reviews by Cole
et al., 2005), this contribution focuses on the magma dynamics within
the Earth’s (upper) crust that led to the formation of a magma reservoir,
whose properties and/or storage conditions enable CCF eruptions to
occur. It focuses on silicic calderas (andesitic to rhyolitic or their alka-
line equivalents), as the collapse mechanisms of basaltic systems can be
the result of effusive eruptions during which magma is drained from a
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lateral fissure and the roof then collapses in response to decompression
in the reservoir. This does not occur when more viscous magmas are
involved (Cole et al., 2005). Furthermore, this review focuses on large
silicic calderas (>5 km in diameter) for which caldera collapse is
controlled by ring faults. In these systems, pre- and post-collapse vol-
canic activity dominantly occurs from vents that are aligned along the

caldera ring fault (e.g. Long Valley caldera, USA (Hildreth, 2004);
Rabaul, Papua New Guinea (Roggensack et al., 1996; Jones and Stewart,
1997)) and sometimes progressively migrates towards the center (e.g.
Campi Flegrei; Rivalta et al., 2019). Smaller calderas on the other hand,
correspond to the collapse of a unique but large volcanic edifice (e.g.
Crater Lake, Oregon (Bacon, 1983; Suzuki-Kamata et al., 1993);
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Tambora (Self et al., 1984) and Krakatau, Indonesia (Self and Rampino,
1981)). Pre- and post-collapse volcanic activity occurs from vents that
are exclusively centrally located within the caldera. The collapse
mechanisms could be significantly different, and the conditions for
failure and caldera-formation may vary.

The sub-caldera magmatic system evolves through a series of
magmatic, unrest and volcanic processes, here collectively termed the
caldera cycle, that are common to single or polycyclic calderas (Table 1).
In the case of polycyclic calderas, they accompany the transition from
one caldera-forming eruption to the next (Fig. 7). The different phases of
the cycle are presumably common to many calderas around the world, as
they reflect the physical and thermo-mechanical evolution of the
reservoir(s), from its gradual building to the emptying of most (or all) of
its eruptible material with crystallinities < ~50 vol% during a CCF

eruption. The different phases include the period of pre-collapse activity
(incubation, maturation, formation of a magmatic volatile phase), the
series of events that trigger the CCF eruption (i.e. dynamics of reservoir
pressurization or roof instability), and the period of post-collapse re-
covery (resurgence, renewed magmatic activity, subsequent matura-
tion) or cessation of the cycle.

3.1. Incubation: thermal maturation of the crust

The formation of a silicic caldera requires the presence of a large and
shallow magma reservoir, i.e. a large volume of magma with variable
amounts of melt. This in turn requires the presence of thermally mature
wall rocks that have a low effective viscosity (Jellinek and DePaolo,
2003; de Silva and Gosnold, 2007; Gregg et al., 2012; de Silva and
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Table 1

Summary of the internal and surficial characteristics of the different phases of the Caldera Cycle.
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Phase of the
Caldera Cycle

Upper crustal reservoir processes and
characteristics

Petrological/geochemical characteristics of
eruptive products

Likely eruptive activity and/or surface
manifestations

Incubation

Maturation

Fermentation

Recovery

Network of small dikes/sills, with few to no
associated long-lived storage zones of evolved
magma. Thermal maturation of the crust starts.
Development of a single or multiple reservoir(s),
growing in size (and possibly merging), increasing
differentiation and volatile contents, transient
presence of an exsolved magmatic volatile phase,
development of a crystal mush.

Presence of one or more long-lived reservoir(s),
continuous presence of an exsolved magmatic
volatile phase, runaway reservoir growth and
increasing capture radius of recharging magmas.
Potential formation of a large, melt-rich cap on the
dominantly mushy reservoir.

Following CCF eruption, silicic material and
volatiles have been largely evacuated; recharging
mafic to intermediate magmas regain greater
influence on shallow magma reservoir(s), bringing

Basalts to andesites/dacites (or their alkaline
counterparts), poorly differentiated, typically
rather hot and dry.

Dominantly dacites to rhyolites (or their alkaline
counterparts), signs of increasing degrees of
differentiation, low-pressure storage, decreasing
magma storage temperature, increasing volatile
contents.

Most evolved magmas observed in the system’s
eruptive history, coolest, crystal-poorest, and most
volatile-rich. Ignimbrite from the CCF eruption
involving crystal-rich, rejuvenated mush material
or a melt-rich cap with its remobilized, crystal-rich
cumulative counterpart.

Return to less evolved, hotter and dryer magmas.
Left over magma from the CCF eruption, with signs
of cumulate melting and/or renewed mass
addition.

Distributed mafic to intermediate volcanism
(stratovolcanoes, cones). Frequent but small volume
eruptions.

Distributed intermediate to silicic volcanism.
Initially high but decreasing eruptive frequency.
Obsidian flows or (sub)plinian eruptions can appear.

Infrequent eruptions of very silicic magma. Large
scale unrest as deformation, seismic swarms,
bradiseismic activity, very active hydrothermal
system. Culminates in a CCF eruption.

Distributed volcanism. Composition depends on
how extensively the upper crustal reservoir was
tapped but is typically less homogeneous. Structural
resurgence.

heat and new material, and melting remnants (if
low-temperature or hydrous mineral phases are
present).

No development of a large upper crustal magma
reservoir, as deep recharge flux wanes.

Death of the
caldera cycle

Magmas of potentially varied composition but no
indications of abundant magma recharge.

Distributed volcanism with low/average eruptive
frequency. Plutonic trapping dominates.

Gregg, 2014; Degruyter and Huber, 2014). Thermal models have shown
that prolonged mafic intrusion in the lower crust (over timescales of 10°
to 10° years), promotes the development and sustenance of upper crustal
magma reservoirs (Karakas et al., 2017). In the absence of such a ther-
mally mature crust, magmas erupt shortly after emplacement or freeze
in-situ, thus not allowing reservoir growth or long-term magma storage
and differentiation (Townsend et al., 2019). Magmatic activity at a
future caldera site starts with an incubation or “preheating” phase
during which mafic volcanism is geographically dispersed (Fig. 7a).
Basalts to andesites or their alkaline equivalent typically erupt during
the incubation period, as small reservoirs in the upper crust do not
permit extensive magmatic differentiation. As the pre-existing crust is
progressively heated by the mafic magmas transiting through it, larger
reservoirs are able to build, and magmas differentiate.

At the Kos-Nisyros Volcanic Complex for example, andesitic volca-
nism started on the island of Pachia before 3 Ma, followed by dacitic
activity on the Kefalos peninsula on Kos at ~2.95 Ma (Figs. 1, 2), while
the CCF eruption of the Kos Plateau Tuff only occurred at ~161 ka
(Bachmann et al., 2019). Similarly, at Long Valley, the first leaks of
mafic magma from the mantle started approx. 4.5 Ma, and the basaltic
volcanism of the Basin and Range and East Sierran suites reached dacitic
compositions around 2.7-3.1 Ma (Bailey, 2004; Hildreth, 2004), while
the CCF eruption of the Bishop Tuff only occurred 765 ka (Figs. 1, 3). A
time span of up to ~1 Ma between the onset of volcanism and the
appearance of differentiated magmas (dacites) that involve more pro-
longed storage in crustal reservoirs is consistent with the thermal
modelling of Karakas et al. (2017). Once thermal diffusion has suffi-
ciently lowered the effective viscosity of the crust and larger reservoirs
are able to form, the system transitions to the maturation phase.

3.2. Maturation: reservoir growth and magma differentiation

The maturation phase corresponds to a period of magma differenti-
ation and accumulation. Pre-collapse volcanism evolves from mafic
(produced during the incubation or recovery phase) to evolved magmas
(i.e. dacites and rhyolites or phonolites and trachyphonolites) that form
the pre-caldera erupted magmas and the CCF tuff (Fig. 7b—c). At the Kos-
Nisyros Volcanic Complex, the Kefalos dacitic eruptions transitioned to
rhyolitic effusive and explosive eruptions around 1.5 Ma to 550 ka
(Fig. 2). At Long Valley, the dacitic magmatism of the Basin and Range
and East Sierran suites gave place to the voluminous Glass Mountain
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rhyolites, around 2.2 Ma (Fig. 3). At Campi Flegrei the magmas evolved
from basaltic trachyandesites following the Campanian Ignimbrite to
trachyphonolites preceding the Neapolitan Yellow Tuff (Forni et al.,
2018; Fig. 4). And at Rabaul, magmas evolved from basalts following the
Memorial Ignimbrite to dacites before the Rabaul Pyroclastics (Fig. 5).
As the magma reservoir(s) grow and/or coalesce, the volume of silicic
magma increases, and mafic magmas ascending from the lower crust or
mantle are incorporated within the system or stall at a lower level
beneath the more evolved magmas (Karlstrom et al., 2009; Degruyter
and Huber, 2014; Pansino and Taisne, 2019; Fabbro et al., 2020). Evi-
dence for mafic magma replenishment in the erupted products becomes
either rarer or subtler. For example, mafic recharge may only be sug-
gested by “reverse” zoning of minerals, such as increasing tetrahedral Al
in hornblende (e.g. Bachmann and Dungan, 2002; Kiss et al., 2014), An
content in plagioclase (e.g. Sliwinski et al., 2017), or Ti in quartz (e.g.
Wark et al., 2007; Matthews et al., 2012).

During the maturation phase, one or more small reservoirs grow,
coalesce and homogenize to form a large, unified magma reservoir
(Fig. 7b, ¢, Table 1). At vents distributed over a given surface area, there
is a transition from magmas of varied composition to magmas of a
similar composition. At Long Valley caldera for example, there was a
transition from three geochemical series of trachybasalts to dacites (the
Central Sierran, the East Sierran and the Basin and Range from SW to
NE) to a single geochemical series of rhyolites (Glass Mountain rhyo-
lites) that became increasingly homogeneous with time (Fig. 3; Bailey,
2004; Hildreth, 2004). At Okataina, trace elements measured in zircons
from the Kaharoa (0.7 ka), Whakatane (4.83 ka), and Te Rere (25 ka)
eruptions record the same thermal and chemical pulse that followed the
collapse of the Rotoiti caldera (61 ka) (Klemetti et al., 2011; Rubin et al.,
2016). Vents from these eruptions are ~15 km apart, implying that there
was a large interconnected magmatic system prior to the Rotoiti CCF
eruption, and pockets of melt from this reservoir have survived for
10,000s of years. Hf isotopes in zircons from the Kaharoa, Waiohau
(13.6 ka), Rerewhakaaitu (17.6 ka), and Okareka (21.9 ka) eruptions
show a systematic change from rather homogeneous ratios before to
more heterogeneous ratios after the Rotoiti CCF eruption (Fig. 6),
highlighting the long term (>100 ky) zircon crystallization history from
rather uniform melts that took place prior to caldera collapse (Storm
et al., 2011; Rubin et al., 2016). Such examples of coalescing and ho-
mogenizing reservoirs have been observed at many other caldera sys-
tems, including one of the archetypical caldera-forming systems,
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renewed maturation and the continuation of the cycle.

Yellowstone (Bindeman and Valley, 2001; Troch et al., 2017). This final
reservoir can be a unique and homogeneous reservoir or can consist of
an extensively interconnected network of reservoirs (Shane et al., 2005;
Cole et al., 2014; Toba - Pearce et al., 2020). Local pressure and tem-
perature conditions within the reservoir may however enable the
development of small-scale heterogeneities within the melt, which can
be recorded by the trace element compositions of minerals (e.g. zircons;
Klemetti et al., 2011; Storm et al., 2011; pyroxenes; Ellis et al., 2014). It
may also favor the development of vertical zoning in the melt compo-
sition and volatile content of the reservoir (e.g. Bishop Tuff - Hildreth,
1979; Wallace et al., 1999; Campi Flegrei - Forni et al., 2016, 2018).
For thermo-mechanical reasons, large volumes of magma are domi-
nantly stored in a highly crystalline state (Marsh, 1981; Koyaguchi and
Kaneko, 1999; Michaut and Jaupart, 2006; Huber et al., 2009; Gelman
et al., 2013b; Cooper and Kent, 2014). This plays a key role in enabling
the accumulation and differentiation of magmas. Highly crystalline
magmas are beyond the rheological locking point, meaning that parts of
the reservoir will be able to grow as they can no longer be tapped by
eruptions. Continued replenishment prevents these parts of the reservoir
from freezing completely (Bachmann and Bergantz, 2003; Michaut and
Jaupart, 2006; Annen, 2009; Burgisser and Bergantz, 2011; Huber et al.,
2011; Gelman et al., 2013b). The development of a crystal mush also
provides an efficient mechanism to fractionate evolved melt from its
solid counterpart, as crystal-liquid separation is the most effective
around 50-70 vol% crystals (Bachmann and Bergantz, 2004; Dufek and
Bachmann, 2010). After ~40-50% crystallization, magmas of andesitic
to dacitic composition contain high-SiO, interstitial melt, which can
become an eruptible high-silica rhyolite when it segregates from the
mush (Bachmann and Bergantz, 2004). Magma accumulation and
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differentiation through the gradual development of an extensive crystal-
mush might therefore be an essential step towards a CCF eruption.

Depending on the tectonic setting, magmas will differentiate by
following different liquid lines of descent. Despite differences, most ig-
nimbrites resulting from CCF eruptions can be explained by similar
storage conditions (a crystalline mush) and chemical evolution (assim-
ilation and fractional crystallization) (e.g. Fowler and Spera, 2010).
Highly crystalline monotonous intermediate ignimbrites (e.g. Fish
Canyon Tuff, Masonic Park Tuff, USA; Hildreth, 1981) and the Kos
Plateau Tuff (Bachmann, 2010; Bachmann et al., 2012) correspond to
the eruption of a remobilized crystal mush, whereas zoned ignimbrites,
consisting mostly of crystal-poor high-silica rhyolites or the alkaline
equivalents (e.g. Bishop Tuff (Hildreth, 2004; Evans et al., 2016), Campi
Flegrei (Forni et al., 2016, 2018), Rabaul Pyroclastics (Fabbro et al.,
2020), Matahina Ignimbrite (Deering et al., 2011b), Ammonia Tanks
Tuff (Deering et al., 2011a) and Peach Spring Tuff in the USA (Foley
et al., 2020)) correspond to the eruption of the crystal-poor cap that
segregated from the mush (Huber et al., 2012). Typically, hydrous tec-
tonic environments permit highly crystalline mushes to be remobilized
by underplating mafic magmas and therefore both crystal-rich and
crystal-poor magmas can erupt (Wolff et al., 2015). In contrast, in dry
tectonic environments, highly crystalline mush cannot be efficiently
remobilized by the underplating of mafic magmas and only crystal-poor
magmas are erupted (Huber et al., 2010).

Some systems such as the Caetano caldera (Watts et al., 2016), the La
Pacana Caldera System (Lindsay et al., 2001) and other caldera systems
in the Altiplano-Puna Volcanic Complex (Kay et al., 2010) are believed
to have formed largely by crustal anatexis based on their geochemistry
and the abundance of xenoliths. Large degrees of crustal melting and
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assimilation are thermally challenging to achieve and require a rather
rare set of conditions (at least in convergent margin magmatism): hot
mantle magmas (1350-1150 °C) and rather hot and fertile, ideally
partially molten crustal rocks (Thompson et al., 2002 and references
therein). These conditions may thus be more commonly found at the
base of thickened continental crust, such as in the Altiplano-Puna
Plateau (Kay et al., 2010). Based on thermal modelling, bulk crustal
melting (and assimilation) takes place most pronouncedly at higher
temperature and can be accompanied by fractionation of the resulting
hybrid magma (Thompson et al., 2002; Dufek and Bergantz, 2005). If/
when large scale crustal melting takes place, it will most likely occur at
the beginning of the maturation phase, after incubation of the lower
crust has primed the host rocks for melting (Dufek and Bergantz, 2005).
The resulting hybrids will then follow a similar evolution as described
above.

The volcanic activity associated with the maturation phase consists
of distributed monogenetic vents or small volcanic edifices that are
sometimes distributed along a nascent ring fracture and that erupt
effusively and/or explosively (e.g. Glass Mountain Rhyolite in Long
Valley, Kefalos domes in the Kos-Nisyros Volcanic Complex, the various
dome complexes and pyroclastic sequences pre-Matahina and pre-
Rotoiti ignimbrites (Fig. 1). Another compelling example is the Bear-
head Rhyolite, a series of small-volume and mostly effusive silicic
eruptions that represent the early phases of pre-collapse volcanism at the
Valles caldera (Justet and Spell, 2001)). Recent numerical modelling of
magma chamber growth during inter-CCF periods shows that magma
reservoirs grow in a non-linear way (acceleration) at rates between
~107* and 1072 km®/year, and evolve from a period of small but
frequent eruptions to large and infrequent eruptions (Fig. 8; Townsend
et al., 2019). This is associated with volatile accumulation in and
gradual exsolution from the melt. For example, at Campi Flegrei, the
dissolved water content is thought to increase from ~3 wt% post-
Campanian Ignimbrite to ~6 wt% pre-Neapolitan Yellow Tuff (Fig. 4).
At Rabaul, the dissolved water content increases from 1 to 2 wt% post-
Memorial Ignimbrite to ~3 wt% pre-Rabaul Pyroclastics (Fig. 4). These
trends mirror the compositional and temperature evolution of the
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system and reflect the physicochemical state of the reservoir. During the
maturation phase we consider exsolved volatiles to be absent or tran-
siently present from the reservoir, unlike later during the evolution of
the system (Fig. 8).

3.3. Fermentation: extensive development of a magmatic volatile phase
(MVP)

At the end of the maturation phase, the large reservoir likely contains
a highly evolved, dominantly crystalline magma or mush that has
generally reached volatile saturation, at least in the most crystalline
parts at the edges of the system (Fig. 7d, Table 1). At magma reservoir
pressures (~2 kb), this magmatic volatile phase (MVP) is likely in the
form of a relatively saline supercritical fluid (e.g. Lowenstern, 2000).
Such magmatic fluids were observed in quartz-hosted fluid inclusions of
highly crystalline clasts in the Kos Plateau Tuff (Fiedrich et al., 2020),
and by Transmission Electron Microscopy in biotites of the Kos Plateau
Tuff (Bachmann, 2010). Similarly, constant Cl contents in quartz-hosted
melt inclusions in Cerro Toledo Rhyolite and the Bishop Tuff (the latter
also having halogen-rich biotites) require the presence and the parti-
tioning of Cl into an MVP (Stix and Layne, 1996; Wallace et al., 1999).
Experimentally determined pre-eruptive storage conditions for the
Lower Pumice 1, Lower Pumice 2, Cape Riva, and Minoan CCF eruptions
at Santorini (Greece) demonstrated that magmas were also saturated in
a complex MVP (Cadoux et al., 2014). These examples show that silicic
magmas erupted during CCF eruptions have significant amounts of
exsolved MVP.

The exsolution of an MVP is a natural consequence of the continued
differentiation of silicic magmas (Shinohara, 1994; Webster, 2004;
Baker and Alletti, 2012). Crystallization increases the volatile content of
melt (H20, COgy, S, Cl, and other halogens), as volatiles are dominantly
incompatible in the crystallizing phases. In addition, decreasing tem-
perature and increasing silica content of the melt typically decreases the
solubility (or partition coefficient) of these elements in the melt
(Webster, 1997). While the pressure and Cl/H20 ratio will control the
type of magmatic volatile phase exsolved (i.e. vapor or magmatic
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hydrosaline fluids), the volatile abundance (mainly HoO and CO»)
controls the timing of exsolution (Shinohara, 1994; Lowenstern, 2000;
Webster, 2004). Hydrothermal activity is expected to be near or at its
maximum during this period of the caldera cycle. The magma reservoir
is at its largest and magmas are undergoing crystallization-induced
volatile exsolution (i.e. second boiling). Volatiles in the crystal-rich re-
gions of the reservoir will escape, possibly in pulses (Chelle-Michou
etal., 2017) and combine with meteoric fluids heated by the particularly
large sub-caldera reservoir. The surface expression would likely corre-
spond to enhanced unrest in the form of ground motion (waxing and
waning uplift and subsidence, also referred to as bradyseism) and diffuse
degassing as observed at restless calderas like Campi Flegrei (e.g.
Capaldi et al., 1992; Orsi et al., 1995; Chiodini et al., 2003; Aiuppa et al.,
2013), Long Valley (Foulger et al., 2003; Hill, 2006; Hildreth, 2017) or
Yellowstone (Lowenstern et al., 2006).

A part of the MVP phase will stay trapped in the melt-rich regions of
the reservoir where bubbles are isolated and incapable of forming
interconnected channels (Parmigiani et al., 2016, 2017). As a result, the
compressibility of the mobile magma increases, making the reservoir
harder to pressurize and thus decreasing the likelihood of eruptions
(Degruyter and Huber, 2014; Townsend et al., 2019). The reservoir may
then enter a phase of runaway growth (Karlstrom et al., 2010; Townsend
et al., 2019) and continued magma differentiation. The onset of the
fermentation phase could thus be viewed as the time from which an MVP
phase is persistently present in the reservoir and no longer fully tapped
by or consumed during eruptions (Fig. 8), as from this point in time the
reservoir will become particularly and increasingly difficult to pres-
surize sufficiently to erupt. The frequency of eruptions largely decreases
while their volume is expected to increase (Townsend et al., 2019).

Although the last known deposits are not necessarily the last deposits
produced (these may have been obliterated from the geologic record
during caldera collapse), observations of natural systems are in agree-
ment with predictions from numerical modelling. At the Kos-Nisyros
Volcanic Complex, ~150 ka elapsed between the eruption of the
Cheri-Agios Mammas rhyolite dome and that of the Kos Plateau Tuff. At
Okataina, there was a ~150 ky period of relative quiescence prior to the
Rotoiti eruption (Cole et al., 2014). It thus seems that, particularly for
larger systems, volcanic activity almost completely ceases as the reser-
voir grows during the fermentation phase (Stix and Layne, 1996;
Degruyter et al., 2016). At Rabaul, titanomagnetites from the last known
eruptions preceding the Memorial Ignimbrite and the Rabaul Pyroclas-
tics have particularly high MnO contents, even higher than the titano-
magnetites in the Memorial Ignimbrite and Rabaul Pyroclastics
themselves (Fig. 5). This suggests that some pockets of melt experienced
the largest degrees of cooling and melt differentiation during the
fermentation phase. Similar features can be observed in the titano-
magnetites from Campi Flegrei (Fig. 4). At Long Valley, the Rb/Sr ratio
is particularly high in the melt of Glass Mountain rhyolites, higher than
the most evolved melts in the Bishop Tuff, also potentially suggesting
larger degrees of fractionation (Metz and Mahood, 1985, 1991; Davies
and Halliday, 1998). Once these sub-caldera reservoirs enter such
runaway growth conditions, one can only wonder what process is able to
trigger an eruption?

3.4. Eruption triggering and catastrophic caldera collapse

Four main mechanisms of eruption triggering have been invoked for
CCF eruptions: (1) over-pressurization of the reservoir by magma
replenishment (Folch and Marti, 1998), volatile exsolution (Blake,
1984), and/or crystal mush remelting (Huber et al., 2011), (2) over-
pressurization due to magma buoyancy (Caricchi et al., 2014; Malfait
et al., 2014), (3) structural failure of the reservoir roof in response to
prolonged heating and thinning (Gregg et al., 2012), and (4) external
triggers (e.g. large earthquakes - Lindsay et al., 2001; Gottsmann et al.,
2009; or rifting Allan et al., 2012). These mechanisms might be variably
effective depending on the tectonic setting, dimensions of the reservoir,
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and petrologic properties of the magma (composition, crystallinity,
volatile content), but they may also operate in conjunction, cumula-
tively increasing the over-pressurization of the reservoir until fracturing
of the overlying rocks is achieved (Canoén-Tapia, 2014).

Magmas erupted during CCF eruptions are generally geochemically
more diverse and reach less evolved compositions than those erupted
immediately before the catastrophic event. Vertical gradients in magma
crystallinity are also frequently observed. For example:

- The earliest erupted units of the Kos Plateau Tuff are crystal-poor
while all subsequent units are crystal-rich (Allen, 2001). Gray
andesitic and banded andesitic-and-rhyolitic pumices are rare but
present in the upper stratigraphic units of the Kos Plateau Tuff
(Allen, 2001). They have been attributed to magma recharge and
associated mush reheating and remobilization (reduction in crys-
tallinity), which is essential to enable the eruption of such a crystal-
rich magma (Bachmann et al., 2019).

Similarly, at Rabaul, mingled glass, rare mafic crystals and banded
pumices are present at the top of the Rabaul Pyroclastics ignimbrite,
and have been interpreted as signs of magma recharge trapped at the
lower periphery of the reservoir (Fabbro et al., 2020). All ignimbrites
at Rabaul are crystal-poor, and as their mineralogy consists exclu-
sively of anhydrous phases (plagioclase, pyroxenes, titanomagnetite
and apatite) mush melting and remobilization will be minimal.

The Bishop Tuff has long been a typical example of vertically-zoned
ignimbrite (Hildreth, 1979), with greater proportions of less-evolved
pumice, more crystals (0.5-24 wt%) and higher Fe-Ti-oxide tem-
peratures (up to ~820 °C) towards the top of the ignimbrite (base of
the reservoir) (Hildreth and Wilson, 2007). This zoning has been
attributed to gradual and incremental extraction of crystal-poor melt
from the underlying mush system (Hildreth and Wilson, 2007), but
also to the melting of this mush system in response to heating by
recharging mafic to intermediate magmas (Wolff et al., 2015; Evans
et al., 2016). This reheating and mush remobilization process is
corroborated by incremental heating and Ar-Ar dating of Bishop Tuff
sanidines, which reveals rapid pre-eruption remobilization from
storage conditions close to solidus temperatures (Andersen et al.,
2017).

At Campi Flegrei, remarkable compositional and crystallinity varia-
tions (from phonolites with ~5% crystals at the bottom to trachytes
with ~40% crystals at the top) are observed in the Campanian
Ignimbrite (Forni et al., 2016) and strong evidence for mixing/
mingling with a more mafic recharge magma and a cumulate melt
are observed in the Neapolitan Yellow Tuff (Forni et al., 2018).

At Okataina, the Rotoiti eruption has evidence for basalt emplaced
on the floor of the rhyolitic reservoir, driving vigorous convection to
produce the well-mixed dominant magma type (Shane et al., 2005),
while the slightly compositionally-zoned crystal-poor Matahina
ignimbrite has been shown to include, from its base to top, clasts
from an extracted rhyolitic melt, the cumulate complement, and a
recharging basalt (Deering et al., 2011b).

There are many other examples of mush rejuvenation (e.g. Ammo-
mia Tanks Tuff (Deering et al., 2011a), Peach Spring Tuff (Foley et al.,
2020), Fish Canyon Tuff (Bachmann et al., 2002)) including evidence for
cognate cumulate mush melting (i.e. enrichment in Ba, Sr and Eu/Eu*
and higher temperatures recorded by geothermometers towards the top
of the sequence; Wolff et al., 2020). It is thus clear that, during a CCF
eruption, evacuation of the crystal-poor, more evolved and more mobile
magmas is often accompanied by the withdrawal of their crystal-rich
roots, a process favored by the injection of more mafic and hotter
recharge magmas conducive to mush remobilization.

Petrologic inspection of CCF-derived ignimbrites lends support to the
first eruption triggering mechanism: over-pressurization of the reservoir
by magma replenishment (Folch and Marti, 1998), volatile exsolution
(Blake, 1984), and/or crystal mush remelting (Huber et al., 2011).
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Significant overpressures are required to trigger an eruption from a large
magma reservoir, as the surrounding crust behaves viscoelastically and
can accommodate significant volume changes (Folch and Marti, 1998;
Jellinek and DePaolo, 2003; Degruyter and Huber, 2014). A constant
rate of magma replenishment is therefore not sufficient to reach the
required overpressures, rather an increasing rate of magma replenish-
ment is preferable (Degruyter and Huber, 2014). This can be potentially
achieved by an increase in mantle flux or a focusing of ascending
magmas towards the large reservoir through the modified stress field.
Indeed, an overpressured reservoir will attract surrounding dykes that
ascend from the mantle or lower crust (Muller et al., 2001; Karlstrom
et al., 2009; Pansino and Taisne, 2019). The extensive development of a
MVP by second boiling will also contribute to the pressurization of the
system, and this may be supplemented by crystallization and volatile
exsolution of the underplating replenishing mafic magmas (Francis
etal., 1989; Folch and Marti, 1998; Stock et al., 2016). Lastly, additional
overpressurization can be produced by partial remelting of the mush, as
crystals are transformed into lower density melt, resulting in a volume
increase (Huber et al., 2011). The catastrophic evacuation of a large
reservoir may thus in fact be the direct and inevitable consequence of its
runaway growth, favoring bubble accumulation, absorption of rising
magmas over an ever-increasing capture radius, and melting of the
deeper mush roots - all three processes cumulatively increasing the over-
pressurization of the reservoir. This situation, however, hinges on the
(close to full) retention of the MVP in the growing reservoir. Any sub-
stantial leakage of the MVP would decrease the compressibility of the
magma and the pressurization of the reservoir, most likely favoring
magma storage in the crust (and the development of plutonic bodies).

The other eruption triggers (magma buoyancy, roof thinning, and
external triggers) will leave little to no sign in the petrologic record and
thus cannot be easily evaluated with the data presented here. They
require some of the stored magma to be in an eruptible state, as they
provide no mechanism for mush remobilization. Given the frequent to
ubiquitous evidence for short-term reheating of caldera systems
(whether crystal-rich or not) prior to a CCF eruption, it is likely that this
process happens once a reservoir is large enough, no matter what the
final trigger is. We expect all triggering processes to occur at the end of
the Fermentation Phase (Fig. 7d, Table 1). However, if the trigger is
tectonic (i.e. external) or roof collapse, the CCF eruption could possibly
occur earlier, i.e. at the end of the Maturation Phase or early during the
Fermentation Phase, if parts of the magma reservoir are in an eruptible
state.

3.5. Continuation or death of the caldera cycle

During the climactic CCF eruption, most (if not all) of the mobile
magma is evacuated from the reservoir (Karlstrom et al., 2012). The
decompression that accompanies the CCF eruption leads to a significant
degassing and crystallization wave in the left-over mush, leading to a
substantial stiffening of the system (Bachmann et al., 2012). The type
(piston, trapdoor, piecemeal, etc.) and extent of roof collapse during the
CCF eruption influences the new reservoir geometry (Lipman, 2000;
Cole et al., 2005). The system can go back to multiple, small, (partly)
disconnected lenses of magma, or a single but significantly reduced,
melt-poor reservoir (Fig. 7e, f, Table 1).

If the general conditions remain favorable through continued in-
jections of magma from the mantle and lower crust at a sufficient rate to
keep upper reservoirs viable (Karlstrom et al., 2010; Gelman et al.,
2013b; Caricchi et al., 2014; Townsend et al., 2019; Townsend and
Huber, 2020), the magma reservoir will gradually rebuild through a
recovery phase, subsequent maturation and fermentation, until ulti-
mately another CCF eruption occurs (Figs. 4-7). Conversely, the system
will no longer be capable of producing CCF eruptions if (1) a large and
shallow magma reservoir is no longer able to develop or (2) the residing
crystal mush can no longer be rendered eruptible.

Some insights on the symptoms of a dying caldera system can be
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gleaned from the study of Eocene-Oligocene caldera systems, such as the
Bonanza caldera in the Southern Rocky Mountain volcanic field, Colo-
rado (Lipman et al., 2015) or the Caetano caldera in Nevada (Watts
et al., 2016). A main issue, however, lies in the temporal resolution of
these systems where the most precise dates come with errors of 200 ky,
which induces considerable uncertainty in the translation of these ob-
servations to modern systems. The preservation of the eruption record is
also much less complete in these older systems, thus evidence for the
detailed sequence of events pre- and post-CCF eruption might no longer
exist. Nevertheless, it is interesting to note that most of the post-Caetano
Tuff volcanic activity occurred shortly after the CCF eruption (Ar-Ar
ages indistinguishable from the Caetano Tuff itself) and principally
involved remnants of the roots of the shallow reservoir with the same
composition as the upper Caetano Tuff (Watts et al., 2016). This suggests
that no high-flux mafic magma recharge occurred post-CCF eruption.
Similarly, post-Bonanza volcanic activity mostly occurred shortly after
the CCF eruption (ages overlapping with those of the Bonanza Tuff) and
spans the same range in composition as the very zoned Bonanza tuff
itself (Lipman et al., 2015), with no signs of particularly high mafic
recharge or cumulate melting. In both systems, cognate plutonic in-
trusions have been found to span a similar age range as the CCF eruption
and post-CCF volcanic activity but do not extend younger. They are also
quite evolved (Lipman et al., 2015; Watts et al., 2016). It is possible that
the absence of signs of (abundant) recharge is key to determining the
death of the caldera cycle. Detailed petrologic studies along the recon-
structed stratigraphy of post-CCF deposits in such old systems would
help constrain the characteristics of a waning caldera system.

3.6. Recovery: active recharging of the shallow reservoir

The structural uplift of the caldera floor shortly after collapse is
termed “resurgence” (Smith and Bailey, 1968). It may occur at both
monocyclic and polycyclic calderas. Structural resurgence corresponds
to a readjustment of the rocks hosting the reservoir after it has been
tapped (i.e. viscous rebound or regional detumescence; Marsh, 1984).
Magmatic resurgence corresponds to a magmatic refilling of the shal-
lowest parts of the reservoir, either by tapping slightly deeper parts of
the system or due to renewed recharge from greater depths (e.g. Ken-
nedy et al., 2012). During resurgence, magmas may or may not reach the
surface, forming lava domes, flows, sills or laccoliths (e.g. Long Valley
(Hildreth, 2004), Valles and Lake City calderas (Kennedy et al., 2012),
Turkey Creek (du Bray and Pallister, 1999); Toba (de Silva et al., 2015;
Mucek et al., 2017)).

At polycyclic calderas, the shallow reservoir recovers through active
magma recharging and gradually evolves to the next CCF eruption. The
recovery phase thus refers to any post-CCF activity involving the
extrusion of magma at the surface with indications of magma recharge
(Table 1). Erupted magmas are remobilized remnants of the large
magma body, newly injected magmas from deeper in the system, or a
mix of the two. When CCF magma remnants are too crystalline to be
remobilized, the more mafic replenishing magmas (if present) are
erupted directly. These will occasionally mix with pockets of remnant
melt. The mafic products that erupt after a CCF event are (i) basaltic to
andesitic as at the Kos-Nisyros Volcanic Complex (Fig. 2) and Rabaul
(Fig. 5), (ii) trachybasaltic like at Campi Flegrei (Fig. 4), (iii) dacitic as at
Okataina (Fig. 6; Shane and Smith, 2013) and Taupo (Gelman et al.,
2013a; Barker et al., 2014), or even (iv) rhyolitic as at Long Valley
(Fig. 3; Hildreth, 2004) but with clear signs of cumulate melting (i.e.
sanidine and zircon resorption yielding crystal-free magmas with
anomalously high Ba and Zr contents akin to cumulate melting signa-
tures proposed for other systems; Wolff et al., 2020). These immediately
post-CCF magmas are often hotter, dryer, and less oxidized than the CCF
magma. For example, the first rhyodacites to rhyolites erupted from the
Kos-Nisyros Volcanic Complex are up to >100 °C hotter than the Kos
Plateau Tuff and pre-Kos Plateau Tuff rhyolites and their mineralogy
tends to be more anhydrous (more plagioclase and less amphibole -
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Fig. 2; Bachmann et al., 2012). Immediately post-CCF eruptions at
Campi Flegrei and Rabaul record temperature increases of at least
100 °C (Figs. 4, 5). At Okataina, Fe-Ti oxides record an increase in
temperature of >100 °C during the 10-15 ky following the Rotoiti
eruption (Fig. 6). Immediately after the Oruanui CCF eruption at Taupo,
the magma system also underwent heating and practically lacks any pre-
Oruanui zircons (Gelman et al., 2013a; Barker et al., 2014). This is
attributed to changes in the reservoir conditions following the CCF
eruption.

Less evolved magmas will continue to reach the surface as long as a
large, unified magma reservoir has not started to rebuild. It took ~40 ky
at the Kos-Nisyros Volcanic Complex for rhyolitic magmas to reappear
after the Kos Plateau Tuff eruption (Fig. 2), ~5 ky at Campi Flegrei for
cold and more differentiated magmas to appear after the Neapolitan
Yellow Tuff (Fig. 4), ~1.5 ky at Rabaul for dacitic magmas to reappear
after the Memorial Ignimbrite and Rabaul Pyroclastics (Fig. 5), and
10-15 ky at Okataina before high-silica rhyolites were erupted following
the Rotoiti eruption (Fig. 6). Although Hildreth (2004) considers that
the Long Valley system is moribund, Flinders et al. (2018) have recently
provided seismic evidence for abundant melt beneath the caldera
depression. Interestingly, the lavas of the Northwest wall dacite chain
(~30-40 ka) correspond to hybrid magmas that are the product of
mixing between a trachydacite similar to that of Mammoth Mountain, a
rhyolite similar to remnants of the Long Valley reservoir, and mafic
enclaves (Bailey, 2004; Hildreth, 2004) and the mid-14th century Inyo
eruption (which took place very close to the NW wall dacite chain)
involved dacitic magma from the NW wall chain, rhyolite akin to the
Mono domes magma, residual or thermally rejuvenated Long Valley
magmatic mush, and andesitic enclaves (Hildreth, 2004 and references
therein). This could suggest that a common reservoir has been forming
over the past 3040 ka at the confluence of these previously individu-
alized systems, at the northwestern end of the low velocity anomaly
imaged by Flinders et al. (2018).

It is challenging to strictly define the characteristics of the recovery
phase, as each CCF eruption will have its own collapse dynamics and
leave the reservoir in a different state; i.e. more or less emptied, more or
less cooled and crystallized. Depending on the geometry and thermo-
mechanical properties of the left-over reservoir, recovery may have
different durations and leave a variably strong geochemical signature in
the subsequently erupted magmas. We thus define the recovery phase as
the period during which magmas show clear signs of thermal rejuve-
nation of the system, i.e. output of significantly/detectably more mafic
magmas and/or geochemical signs of significant reheating and even
melting of left-over material. Once the magma starts following differ-
entiation trends somewhat akin to the pre-CCF situation, it is considered
to have resumed a phase of maturation during which magmas evolve,
volatiles start exsolving, and reservoirs grow. Because of the previously
accumulated heat, the crust will remain viscoelastic for some time (a few
hundred thousand years; Lipman, 2000). Therefore, the renewed growth
of a large reservoir has the potential to be faster than for the first episode
(no incubation phase is required).

The duration of a caldera cycle, from recovery, maturation, and
fermentation to CCF eruption, depends on the volume of the reservoir, as
is obvious from our case studies: Long Valley is the largest system and
the slowest to evolve, while Rabaul is by far the smallest system and the
quickest to evolve. However, within a given system, it is likely that
recurring cycles change in duration as a function of the state of the
emptied reservoir and the thermal regime of the surrounding crust
(Degruyter et al., 2016; Townsend et al., 2019). For example, the
duration of a caldera cycle changed from ~6.5 ka to ~3 ka pre- and post-
Memorial Ignimbrite at Rabaul (Fig. 5), from ~225 ka to ~280 ka pre-
and post-Matahina Ignimbrite at Okataina (Fig. 6), from 110 ka, to 49
ka, to ~18 ka between the oldest caldera collapse and the Minoan
eruption at Santorini (Druitt and Francaviglia, 1992), and from 125 ka,
to 18 ka, to 33 ka from the Aso-1 to Aso-4 caldera-forming eruptions at
Aso caldera in Japan (Kaneko et al., 2007). The relative durations of the
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various phases (recovery versus maturation versus fermentation),
however, may be expected to remain constant from one cycle to the next
and from one system to the next, as they are essentially controlled by the
thermo-mechanical evolution of the sub-caldera reservoir(s).

4. Application of the caldera cycle

At least 120 calderas have been restless in the past century, which
corresponds to about half of the historically-active calderas known
worldwide (Newhall and Dzurisin, 1988). However, not all episodes of
unrest lead to an eruption and even less lead to a caldera-forming
eruption (Acocella et al., 2015). Only a few (less than ten) silicic cal-
deras are known to have formed in historical times, and these were small
(<10 km in diameter). In historical time, restlessness at a stratovolcano
has culminated with an eruption nearly half of the time (Newhall and
Dzurisin, 1988; Biggs et al., 2014). Similarly, about 40-50% of the time,
unrest at silicic calderas leads to an eruption (typically explosive,
generally VEI 1-3). On the other hand, restlessness at silicic calderas
that have not erupted for 100 years or more results in an eruption 16% of
the time. About 18% of the historic eruptions from all types of volcanoes
worldwide occurred at calderas (Newhall and Dzurisin, 1988).

The caldera cycle is a concise framework that can be used to interpret
geologic observations, unrest records, and petrologic data at a single
caldera. If a restless caldera system has been placed in this framework,
symptoms of unrest may be interpreted with more confidence with
respect to the eruptive activity to be expected (or not). For example, we
can now speculate that:

- The Kos-Nisyros Volcanic Complex is nearing the end of the matu-
ration phase: Recently erupted magmas show signs of increased
differentiation, decreased pre-eruptive temperatures and increased
water contents (Fig. 4). Some parts of the reservoir (Yali rhyolites)
are as cold, wet, oxidized, and differentiated as pre-Kos Plateau Tuff
rhyolites, while other parts are not yet as evolved (Nisyros rhyolites).
This suggests that a large reservoir has not fully amalgamated and
homogenized yet (Bachmann et al., 2019). The low frequency of
eruptions and intense activity of the hydrothermal system might
suggest that the reservoir is starting a runaway growth phase in
which an exsolved MVP is becoming increasingly present and
important. Rare but potentially large-scale rhyolitic eruptions are to
be expected in the geologically near future (like the most recent
Nisyros and Yali products) and unrest will likely continue in response
to the heightened hydrothermal activity.
Long Valley is in the early maturation phase: Structural resurgence
ended, remnants of the Long Valley/Bishop mush have been tapped,
mafic magmas have reappeared and have started to differentiate (e.g.
Mammoth Mountain), suggesting that the recovery phase is over.
Small volumes of very differentiated rhyolitic magmas were erupted
recently (i.e. Mono rhyolites) and there are possible signs of a coa-
lescing reservoir at the confluence of the Long Valley caldera,
Mammoth Mountain and Mono-Inyo systems. If mantle supply per-
sists and the system progresses through the maturation phase,
eruption frequency is expected to decrease while erupted volumes
will increase. Ground deformation and unrest may increase and
become similar to what is occurring in the Kos-Nisyros Volcanic
Complex and Campi Flegrei, as the hydrothermal system grows and
an MVP brews. The Long Valley system, however, is a very slowly
evolving system and thus the maturation phase may last for ~1 Ma.
- Campi Flegrei is in the fermentation phase: The detailed strati-
graphic reconstruction of the post-Neapolitan Yellow Tuff activity
sheds light into the last ~15 ky of volcanic activity (Smith et al.,
2011). The trends described by the intensive parameters are similar
to those observed during the inter-caldera phase, with increased
magma differentiation, a decrease in pre-eruptive temperatures and
increase in water contents (Fig. 4). The frequency of eruption has
also generally been decreasing. Petrological proxies coupled with
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numerical modelling of magma chamber evolution suggest that the
magmatic system is currently saturated in volatiles (Forni et al.,
2018) and is thus undergoing a period of runaway growth. Unrest
and bradiseismic activity is likely to continue as the system brews.
Although infrequent, more “Monte Nuovo-like” eruptions can be
expected to occur.

Rabaul is in the mid-maturation phase: A dacitic magma reservoir is
currently present but is frequently replenished by basalts (Bouvet de
Maisonneuve et al., 2015), suggesting that the reservoir isn’t fully
developed yet and capable of blocking magma recharge in its pe-
riphery (Fabbro et al., 2020). Unfortunately, the recovery phase is
not preserved in the geologic record, thus the evolution of the system
cannot be traced in detail. There are signs of the transient presence of
an MVP in the reservoir, particularly associated with explosive
eruptions (Bernard and Bouvet de Maisonneuve, 2020), hinting to a
system in the late stages of the maturation phase. As for the Kos-
Nisyros Volcanic Complex, the level of unrest may be expected to
increase, eruption frequency will decrease while their volume will
increase, as the reservoir grows and gradually accumulates an MVP.
Okataina is in the early to mid-maturation phase: Based on trends in
bulk rock composition and pre-eruptive temperatures (Fig. 6), the
recovery phase would be over. However, more information about the
reservoir homogeneity, size, and presence of an MVP would be
needed to fully assess the current status of the system.

It seems likely that another CCF eruption might occur from most (if
not all) of the present case studies in a geologically near future. Although
this near future may correspond to a thousand (Rabaul) or even a million
(Long Valley) years, inter-CCF activity can still be violently explosive
and poses a threat to the local communities, particularly when the sys-
tem reaches the fermentation phase. Individual eruptions between
collapse cycles are at least one order of magnitude less voluminous
(<1-10 km?). However, small eruptions for these systems can still
represent large eruptions for our human society (i.e. VEI > 6; Pinatubo-
like eruptions).

We suggest placing calderas worldwide within this framework in
order to better understand the steps and phases of a caldera cycle and
their durations, as well as what the global, regional, tectonic and
magmatic controls on these cycles are. The duration of a cycle and the
volume of accumulated and erupted magma are likely a function of the
tectonic setting (convergence rate, obliquity, slab age, magma produc-
tion rate, etc.) but many of these relationships need to be inspected
further. Global studies have explored the control of such geodynamic
parameters on the occurrence and distribution of calderas (Hughes and
Mahood, 2008; Sheldrake et al., 2020) but the correlations are mostly
weak. If the size and thermomechanical requirements of these systems
are taken into account, the rational for small and fast recurring CCF
eruptions like at Rabaul versus large and infrequent CCF eruptions like
at Yellowstone or Toba may be uncovered. With more studies focusing
on the reconstruction of caldera cycles, we could (1) test the robustness
of the proposed framework, (2) evaluate whether the relative durations
of the various phases are similar during successive CCF eruptions and
among systems, and (3) refine the petrologic, geophysical, and unrest
characteristics of the state of a system. This will help to find clues about
where to expect the next CCF-eruption.
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