5.1 Introduction
After having described magma chamber formation
and growth in Chap. 4, this fifth chapter considers
the surface processes resulting from the dynamics
of magma chambers, including magma accumula-
tion on the long- and short-term, and rapid magma
withdrawal and eruption. The rapid withdrawal of
magma may develop a caldera. Calderas often
represent the surface expression of long-lived and
large magmatic reservoirs, which may be respon-
sible for the most destructive eruptions. Calderas
are active on different time scales as, in addition to
experiencing eruptions and collapse (lasting from
days to weeks), also experience degassing, seis-
micity and surface deformation testifying unrest
(from months to decades), eventually culminating
in long-term uplift, or resurgence (from hundreds to
thousands of years). Commonly lacking a central
conduit, calderas may be associated with eruptive
vents scattered over a wide area, posing a higher
risk than central volcanoes. Finally, calderas may
also provide resources, through geothermal and ore
deposits exploitation.

Calderas thus constitute an end-member type
of volcano, providing the most challenging yet
exciting ground for volcanologists.
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The main aims of this chapter are to:

e describe the structure and evolution of cal-
deras, including the nature of their ring faults;

e discuss resurgence, resulting from long-term
magma accumulation, and its mechanisms;

e introduce caldera unrest, resulting from short-
term magma accumulation, and discuss its
relations to resurgence;

e discuss how the caldera structure controls the
transfer of the magma accumulated below,
eventually feeding eruptions at different
locations.

5.2 General Features of Calderas

Calderas are subcircular depressions in volcanic
areas, with diameter between approximately one
and several tens of kilometres (Fig. 5.1). Caldera
formation is associated with the withdrawal of
magma from an underlying chamber; the with-
drawal induces the foundering of the chamber
roof, determining the depression at the surface.
The withdrawal may result from the rise and
eruption, at times with explosive behaviour and
significant size, of magma from the chamber.
Alternatively, calderas may result from the lateral
intrusion of magma through a dike or sill,
eventually feeding a minor to moderate distal
effusive eruption. Therefore, calderas may be
associated with effusive or explosive eruptions of
any size (Druitt and Sparks 1984; Branney and
Acocella 2015).

163

V. Acocella, Volcano-Tectonic Processes, Advances in Volcanology,

https://doi.org/10.1007/978-3-030-65968-4_5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-65968-4_5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-65968-4_5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-65968-4_5&amp;domain=pdf
http://dx.doi.org/10.1007/978-3-030-65968-4_14
http://dx.doi.org/10.1007/978-3-030-65968-4_14
https://doi.org/10.1007/978-3-030-65968-4_5

5 Calderas

Fig. 5.1 Views of different calderas. a Erta Ale caldera,
Afar, Ethiopia, hosting two pit craters. b Las Canadas
caldera, Tenerife (Canary Islands), as seen from the
International Space Station on June 6, 2006; the strato-
volcano on the caldera rim in the foreground is Pico de
Teide, 3715 m high; image property NASA. ¢ Dolomieu

The most distinctive feature of a caldera
consists of one or more ring faults, usually
arcuate in map view, along which the roof of the
chamber collapses. The ring fault separates an
outer non-collapsed zone from an inner collapsed
zone, thus representing the caldera structural

caldera (Piton de la Fournaise, La Reunion Island),
formed in April 2007. d Western rim of the 1875
Oskjuvatn caldera (Iceland), filled by the lake, nested
within the larger and older Askja caldera, whose rim is
visible in the background (see also Fig. 5.4b). e Caldera
of the Caldeira stratovolcano on Faial, Azores

boundary (Fig. 5.2). The ring fault forms during
caldera collapse, but it may be soon intruded by
the magma, generating a ring-dike ultimately
feeding eruptive vents (see Sect. 7.5.3). In par-
ticular, the ring fault propagates upward from the
chamber upon magma withdrawal. If the amount
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Fig. 5.2 Main morphological, structural and magmatic features of a caldera; not to scale (modified after Cole et al.

2005)

of subsidence of the caldera is significant, the
ring fault may carry an important displacement
and reach the surface. However, massive erosion
during and after caldera collapse usually prevents
observing a pristine ring fault, leaving an ero-
sional scarp highlighted by a steep slope: this is
the caldera topographic boundary, which may
be as high as one kilometre (Lipman 1997; Cole
et al. 2005). Because of retrogressive erosion, the
topographic boundary lies externally to the
structural boundary. Conversely, if the amount of
subsidence is not significant, the ring fault may
not reach the surface and a broad flexure, or
monocline, forms above it; in this case, the
downsag-like caldera boundary lacks a topo-
graphic scarp.

The caldera depression may be filled with
volcanic deposits (including any intra-caldera
ignimbrite), landslide breccia from the structural
and topographic boundaries, and deposits deriv-
ing from any water infill (sea, lake, groundwa-
ter). The amount of subsidence of the caldera
results from the difference in elevation of a
known pre- or syn-collapse marker outside and
within the caldera. However, any post-collapse
vertical motion may significantly displace the
caldera floor. This is the case of resurgence,
consisting of a significant (tens of metres at least)
and prolonged (hundreds of years at least) uplift
of the «caldera floor, highlighted by the

anomalous height of its infill, accompanied by
doming and/or faulting (see Sect. 5.6). A hy-
drothermal system commonly lies between the
caldera floor and the magma chamber, focusing
at depths between ~1 and ~4 km; here mete-
oric and magmatic fluids are pressurized within a
fracture network that increases permeability (e.g.,
Garden et al. 2020).

These basic ingredients may be complicated
by several factors, leading to elongated, over-
lapping, nested and asymmetric collapses. Elon-
gated collapses are elliptical in map view and
usually result from the activity of a regional
stress field (see Sect. 5.5), as at Long Valley
caldera (California, USA). In a few cases, elon-
gated collapses may result from aligned over-
lapping calderas due to reservoir withdrawal
along a same direction, as Las Canadas (Tenerife,
Canary Islands; Fig. 5.1b). Nested calderas con-
sist of one collapse structure within the other and
may be related to a pair of eruptions or the same
eruptive event (see Sect. 5.3). Asymmetric (or
trapdoor) collapses are common, with one side
subsided much more than the opposite. These
result from asymmetries in the magma chamber
shape, in the withdrawal of magma from the
chamber, or from the drag effect reducing resis-
tance along the foundering block within a molten
chamber (Marti and Gudmundsson 2000; Aco-
cella 2007; Kennedy et al. 2008).
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Fig. 5.3 Recurrent features commonly associated with mafic (left) and felsic (right) calderas; not to scale

Generally there is a broad relationship among
the amount (from a few tens of metres to a very
few kilometres) and rate (from cm/day to
km/day) of collapse of calderas, the mechanism
of magma withdrawal (lateral intrusion with
effusive eruption, or vertical intrusion with
explosive eruption), the size (from 107" to
10° km3) and the composition (mafic or felsic) of
the involved magma (Fig. 5.3; Newhall and
Dzurisin 1988; Branney and Acocella 2015).
Minor effusive eruptions often occur in the distal
portion of smaller mafic calderas subsiding
moderately (tens to hundreds of m) over longer
periods (days to months); these calderas and
eruptions are usually associated with the lateral
intrusion of mafic magma. Conversely, major
explosive summit eruptions are often related to
felsic calderas formed in shorter time spans
(hours to days) with significant subsidence (up to
a very few kilometres); these calderas and erup-
tions are related to the vertical propagation and
eruption of felsic magma. These general, but not
unique, features suggest that ultimately the
composition of the involved magma, related to
the size of the system, controls the type and
location of the eruption, as well as the rate of
magma withdrawal and the amount of subsi-
dence. Based on this, it is useful to further dis-
tinguish between the behaviour of mafic and
felsic calderas.

Mafic calderas usually occur on shield vol-
canoes and erupt predominantly basaltic magma,

although more evolved compositions (up to
rhyolites) may be also erupted. These calderas
are commonly up to several kilometres wide,
with total amount of subsidence of a few hundred
of metres, achieved with rates from cm/day to
m/day. These mafic calderas may consist of
smaller and structurally simpler systems, as
Kilauea and Mauna Loa (Hawaii, USA), Piton de
la Fournaise (La Réunion) and Erta Ale (Afar,
Ethiopia), or larger and structurally more com-
plex systems, as Askja (Iceland), Fernandina and
Sierra Negra (Galapagos) (Fig. 5.4). The smaller
and structurally simpler calderas usually show a
moderate amount of collapse along a single
subcircular ring fault, whose topographic
expression consists of a hundred metres high
subvertical scarp on a pile of lava flows. Exten-
sion fractures, up to a few metres wide, form in
the upper portion (head) of the subvertical scarp
zone and parallel to this, as induced by the lack
of confinement created by the scarp. The frac-
tures bound unstable blocks which eventually
topple in the caldera, promoting the erosional
retreat of the scarp. These calderas are commonly
associated with distal effusive eruptions resulting
from the lateral intrusion of magma through
dikes (see Sect. 5.10.3). Mafic calderas may be
also wider and structurally more complex (for
example showing nested depressions), with
higher subsidence associated with larger and
more explosive eruptions, occurring also within
the caldera itself. This type of calderas are
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Fig. 5.4 Examples of mafic calderas. a Digital elevation
model of Mauna Loa caldera (Hawaii, USA), showing the
main caldera and the pit craters along the volcanic rift
zones departing from the volcano summit (base from

relatively common in the western Galapagos
Islands, where the steeper summit of the shield-
like volcanic edifice, resembling an “overturned
soup plate”, also hosts distinctive circumferential
eruptive fissures (see Sect. 7.5; Chadwick and
Howard 1991).

Smaller-scale analogues of mafic calderas, as
sharing magma withdrawal at depth, are pit
craters, which are metres to hundreds of metres
wide subcircular depressions found along vol-
canic rift zones, whose formation is commonly
related to the lateral flow and local stoping of
magma along dikes. Pit craters are often associ-
ated with calderas, occurring within (as at Erta
Ale or Kilauea) or to the side of the caldera (as at
Mauna Loa and Piton de la Fournaise). The
eroded Nindiri and Santiago pit craters at Masaya
(Nicaragua), a few hundred of metres wide and
several tens of metres deep, offer the rare
opportunity to observe their deeper structure,
consisting of concentric reverse (inner) and nor-
mal (outer) faults (Okubo and Martel 1998;
Rymer et al. 1998; Harris 2009)

Felsic calderas are frequently associated with
the explosive eruption of evolved magma and
show greater variability in size, structure and
activity, and often experience resurgence. Their
width can reach several tens of kilometres,

GeoMapApp). b Map view structure of the more complex
nested caldera of Askja, Iceland, showing the larger Askja
and the younger (formed in 1875) Oskjuvatn calderas
(modified after Trippanera et al. 2018)

whereas the amount of subsidence a few kilo-
metres, with subsidence rates of km/day. Being
able to accumulate magma and generate major
eruptions, felsic magma reservoirs below cal-
deras are often large and long-lived. The true
spatial extent of the felsic magma chambers may
not be reflected by the size of their calderas. In
fact, caldera size may be affected by the rheology
of crystal-rich felsic magma, behaving elastically
along the periphery of the chamber and devel-
oping calderas before complete remobilization of
the entire reservoir. This may for example
explain the magma chamber wider (90 km wide)
than the caldera (60 km wide) at Yellowstone
(Wyoming, USA; Karlstrom et al. 2012; Farrell
et al. 2014).

The architecture of felsic calderas may consist
of a single, major ring fault system accommo-
dating subsidence (as Gariboldi, Ethiopia) or,
more often, of pairs of nested concentric col-
lapses, as Campi Flegrei and Latera (Italy),
Guayabo (Costa Rica), La Pacana (Chile) or
Taupo (New Zealand; Acocella 2007; Delgado
and Pavez 2015). Many of these pairs of nested
collapses are activated during the same eruptive
event, not necessarily requiring two distinct
eruptions, as at Campi Flegrei, where both the
outer and inner collapses formed during
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the ~39 ka Campania Ignimbrite eruption and
were reactivated during the ~ 15 ka Neapolitan
Yellow Tuff eruption. The deposits along the
topographic boundary of felsic calderas usually
consist of the proximal portions of the erupted
caldera ignimbrites. These deposits are then
easily eroded, promoting the departure of the
topographic boundary from the structural
boundary. If the subsidence is partitioned along
several parallel ring faults, each carrying only a
part of the displacement, these may better resist
erosion; this is observed along the well-preserved
eastern margin of Bolsena caldera (Italy), char-
acterized by staircase faulting, conversely to the
poorly-preserved northern margin, where the
single ring fault carrying the subsidence experi-
enced stronger erosion (Acocella et al. 2012).
Felsic systems also form the largest calderas
(super-calderas) on Earth, with diameter of sev-
eral tens of kilometres, such as Yellowstone and
Toba (Sumatra, Indonesia). The Yellowstone
volcanic field was formed during three
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Fig. 5.5 Simplified structure of the large felsic caldera of
Toba, Sumatra (Indonesia), including the collapses from
the major eruptions, the resurgence area, the post-
resurgence vents, the Bouguer anomalies and the slip

major caldera-forming eruptions at ~2.05,
~1.3, and ~0.64 Ma, erupting ~ 2500 km”,
~280 km® and ~ 1000 km® of magma, respec-
tively (see Sect. 13.8). The youngest caldera-
forming eruption generated the current caldera,
followed by ~50 rhyolitic and basaltic events,
the youngest at ~70 ka. The 40 x 60 km wide
caldera hosts two fractured resurgent domes.
Monitoring data indicate a restless behaviour,
attributed to repeated intrusions of magma and/or
the pressurization of the hydrothermal system by
fluids released from more than 15,000 km> of
rhyolitic magma at depths from 8 to 18 km,
largely emplaced as sill complexes (Smith and
Braile 1994; Christiansen 2001; Lowenstern
et al. 2006; Chang et al. 2007; Jiang et al. 2018).
Toba has been active in the past 1.3 Ma, pro-
ducing the Earth’s largest Quaternary eruption
at ~75 ka, ejecting ~5300 km> DRE of
magma. The 100 x 45 km caldera is NW-SE
elongated, parallel to the nearby Great Sumatra
Fault (Fig. 5.5; see Sect. 12.3.2). The caldera

»= YTT (Youngest Toba Tuff) = 0.074 Ma
.=~ MTT (Middle Toba Tuff) = 0.501 Ma
""" OTT (Oldest Toba Tuff) = 0.840 Ma
=" HDT (Haranggaol Dacite Tuff) = 1.2 Ma
A Post-resurgence lava domes

| A Probable intrusions
Resurgent area X Bedding attitude

rate along the Great Sumatra Fault (GSF; after Genrich
et al. 2000; Masturyono et al. 2001; Chesner 2012; de
Silva et al. 2015)



5.2 General Features of Calderas

Tumescence

169

_/4}\

Magma chamber

a) Host rock

Eruption and
caldera collapse

b)

Volcanic and
infill

c)

Resurgence

I‘ 1

Rejuvenation
and resurgence

d)

Fig. 5.6 Possible main evolutionary stages of a large felsic
volcano with caldera: a initial tumescence, due to magma
accumulation; b major eruption(s) and caldera formation;

hosts the NW-SE elongated Samosir resurgent
block, uplifted asymmetrically of ~1100 m in
less than 75 ka. Two nearby reservoirs, from 8 to
14 km depth, lie below the caldera (Vazquez and
Reid 2004; Koulakov et al. 2009; Chesner 2012;
de Silva et al. 2015; Solada et al. 2020).

An ideal evolution of large felsic magmatic
complexes has been summarized in a few rep-
resentative stages (Fig. 5.6; Smith and Bailey
1968; Lipman 1984). (a) Initial tumescence, due
to prolonged magma emplacement inducing
broad surface uplift. (b) One or more major
eruptions, promoting caldera  formation.
(c) Decaying activity, when the mature magma
chamber experiences discontinuous supply and
faster cooling. (d) Possible resurgence, when
new magma rejuvenates the shallow reservoir,
uplifting the caldera floor.

5.3 Structure and Evolution

Despite recent episodes of caldera collapse, field
and geophysical data provide limited access to
understand the structure of calderas, in particular
the resolution of the “space problem”, that is how

¢ evanescence and cooling of the shallow chamber;
d rejuvenation, due to the input of new magma, promoting
resurgence (modified after Smith and Bailey 1968)

to accommodate the subsidence of the collapsed
portion, which also determines the geometry and
kinematics of the caldera’s ring faults. To this
aim, analogue, analytical and numerical models
have been performed, providing insights on the
architecture and development of calderas (e.g.,
Geyer and Marti 2014).

All analogue models have shown that, inde-
pendently of the different boundary conditions,
the structure of a caldera is mainly a function of
its amount of subsidence (Fig. 5.7; Acocella
2007). For minor subsidence, the upward prop-
agating ring fault does not reach the surface and
thus a flexure forms above the blind ring fault
(Stage 1). Increasing the subsidence, the ring
fault reaches the surface, replacing the flexure
with a fault scarp (Stage 2). The fault is outward
dipping with reverse kinematics, which results
from the differential vertical motion between the
two blocks, responsible for a deflection of the
maximum principal stress ¢, from the vertical
path. Therefore, these reverse faults are not
related to any lateral compression (see detail of
0, trajectories in stage 2, Fig. 5.7; Mandl 1988).
An increase in subsidence produces a peripheral
flexure, resulting from the upward propagation of
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Fig. 5.7 The four evolutionary stages of caldera collapse,
depending upon the s/d ratio, obtained in the analogue
models and observed in nature. Stage 1: downsag; stage 2:
reverse ring fault (dashed purple lines illustrate local

an outer blind ring fault, driven by the gravita-
tional collapse of the unstable wedge of the
hanging wall of the reverse ring fault (Stage 3).
In the final stage, increasing again the subsi-
dence, the outer ring fault reaches the surface,
producing a second peripheral and concentric
scarp, or nested collapse (Stage 4). This outer
fault is inward dipping and has a normal kine-
matics due to the collapse of the wedge above the
reverse fault. Any further increase in subsidence
does not change this deformation pattern and
both ring faults continue to be active.

These results, being obtained by independent
studies under different boundary conditions,
provide a robust platform to define the structure
of calderas as a function of the amount of sub-
sidence. However, calderas with different diam-
eter may show different structures
(corresponding to the above-mentioned evolu-
tionary stages) even with similar amount of
subsidence. For example, the same amount of
subsidence may produce immature (stage 1)
collapse in wider calderas or mature (stage 4)
collapse in narrower calderas. This results from
the fact that a same amount of subsidence in
wider calderas develops a wider flexure accu-
mulating larger vertical displacement before
faulting. Therefore, to compare the structure and
evolutionary stage of calderas, it is important to
relate the amount of subsidence s to the caldera
diameter d, that is considering the s/d ratio.

configuration of the o, trajectories controlling the devel-
opment of the reverse fault); stage 3: peripheral downsag;
stage 4: peripheral normal ring fault (modified after
Acocella 2007)

A second-order parameter controlling caldera
structure is the depth to the magma chamber with
regard to its width. For a given magma chamber
width, shallower chambers produce the simple
pattern described in Fig. 5.7, whereas deeper
chambers promote multiple sets (whose number
increases with the chamber depth) of overlapping
outward dipping reverse ring faults, and only an
uppermost normal ring fault (Roche et al. 2000).
Often the entire collapse structure above these
deep and narrow magma chambers is slightly
inclined, forming a “sliding-trapdoor”, or ring-
fault architecture that consists of outward-
inclined reverse portions and inward-inclined
normal portions on opposite sides of the ring
fault. This feature has been recognized at recent
caldera collapses at Miyakejima (Japan), Dolo-
mieu (Reunion) and Bardarbunga (Iceland;
Bathke et al. 2015). However, in case of deep
magma chamber with limited subsidence, the
caldera faults may not reach the surface, delaying
the expected evolutionary stages. Therefore, the
deeper the magma chamber, the least developed
is the collapse at the surface, as a larger amount
of withdrawn magma is required to have collapse
(Roche and Druitt 2001; Geyer et al. 2006). This
feature has important implications in terms of
magma transfer and eruption (see Sect. 5.9).

Analytical and numerical models of calderas
provide less consistent results than analogue
models, probably for the difficulty to simulate the
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Fig. 5.8 Map (left) and section (right) views of Miyakejima caldera (Japan), as formed in 2000 (Japan; modified after

Geshi et al. 2002). Compare with Fig. 5.7, stage 4

activity of shear fractures. In fact, only discrete
element models in a frictional medium simulated
caldera formation consistently with analogue
models, developing upward propagating outward
dipping reverse ring faults and peripheral inward
dipping normal ring faults (Gudmundsson 2007,
Hardy 2008; Holohan et al. 2011; Gregg et al.
2012; Kabele et al. 2017).

More importantly, the analogue modelling
results are supported by geological and geo-
physical evidence from several tens of active
mafic and felsic calderas, and direct observation
of recent caldera collapses, in particular at
Miyakejima, Axial Seamount and Kilauea
(Fig. 5.8; Geshi et al. 2002; Acocella 2007;
Wilcox et al. 2016; Levy et al. 2018; Baillard
et al. 2019; Neal et al. 2019). This consistency
indicates a robust frame to understand caldera
structure and evolution, with the four stages
allowing to define the overall structure of a cal-
dera simply knowing its s/d ratio or, conversely,
to define the amount of subsidence from the
surface deformation pattern. Determining the
s/d ratio of a caldera also allows classifying
calderas (see Sect. 5.4) and better defining
magma transfer below calderas, possibly fore-
casting the location of eruptive vents (see
Sect. 5.9; Acocella and Rivalta 2019).

Kinematically, analogue models also show
that collapse may occur with several modes and
velocities (continuous, incremental or sudden),

mainly depending on the aspect ratio
(thickness/width) of the crust overlying the
chamber and the reactivation of pre-existing ring
faults. This feature is consistent with geophysical
(mainly seismicity) and geodetic (mainly tilt
variations) data from collapsing calderas
(Michon et al. 2011; Ruch et al. 2012; Munekane
et al. 2016). Also, models show that the propa-
gation rates for the reverse faults during collapse
increase with magma evacuation rates, with
magma chamber dynamics and fault propagation
being kinematically coupled (Seropian and Stix
2018). However, this relation may be influenced
by the friction along the ring fault. For example,
direct access to the ring fault of the extinct
Jangsan caldera (Korea) reveals extremely low
dynamic frictions, suggesting that an extraordi-
narily large fault slip (>100 m), causing a large
earthquake, was associated with caldera forma-
tion. This slip generated pseudotachylytes, indi-
cating that frictional melting was an important
fault zone process during caldera collapse (Han
et al. 2019; Kim et al. 2019).

5.4 Classification

A first popular approach to a systematic defini-
tion of caldera types was based on field data from
active and extinct eroded calderas, defining five
end-member geometries: piston, piecemeal,
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Fig. 5.9 The five established geometric caldera types (modified after Lipman 1997; Cole et al. 2005)

trapdoor, downsag and funnel (Fig. 5.9; Walker
1984; Lipman 1997, 2000; Cole et al. 2005).
Piston-type calderas are bordered by a ring fault,
delimiting a sinking central block. Piecemeal
calderas result from the differential subsidence of
multiple blocks, usually along several pre-
existing faults. Trapdoor calderas show asym-
metric subsidence accommodated by different
types of structures along the rim, as a flexure on
one side and a fault on the opposite. Downsag
calderas are depressions with unfaulted and
inward tilted, or flexured, margins. Funnel cal-
deras are narrow and deep cone-shaped
depressions.

While this geometric classification is based on
easily detectable field features, justifying its
popularity, it also carries several limitations
concerning the structure and evolution of cal-
deras. In particular: (a) this classification does not
take into account for the resolution of the “space
problem”; (b) this classification is based on a
static perspective of calderas, not considering
their development, maturity and possible evolu-
tionary relationships; (c) several of the five pro-
posed caldera types may be found within a same
caldera, making it difficult to unequivocally
capture its distinctive structure and evolutionary
stage. For example, Bolsena caldera (Italy) con-
tains a central piston collapsed asymmetrically,
with one margin interpreted as a downsag and the
other as a piecemeal (Acocella et al. 2012):
accordingly, Bolsena should be awkwardly

defined as a caldera with “trapdoor piston and
downsagged and piecemeal margins”.

The analogue models and their comparison to
nature allow passing these limitations and
proposing, using the s/d ratio of a caldera, a
revised and more practical classification. As the
shallow structure of calderas corresponds to a
precise architecture at depth, recognizing diag-
nostic surface features allows a caldera to be
categorized within a precise structural and evo-
lutionary context. The general relationship
between the evolutionary stages of a caldera and
their range of s/d ratios explains the architecture
and maturity of calderas along a continuum
mainly controlled by progressive subsidence. In
this context, stage 1 (downsag) calderas are
characterized by s/d < 0.025, stage 2 (reverse
fault) by 0.025 < s/d < 0.055, stage 3 (outer
downsag) by 0.055 < s/d < 0.07 and stage 4
(normal fault) by s/d > 0.07 (Fig. 5.7; Acocella
2007). Using such a classification it is also pos-
sible to define the deeper structure of a caldera
from the available surface evidence: the appar-
ently complex structure of Bolsena would be
simply explained by a stage 3 asymmetric
collapse.

A more recent classification of calderas relies
on the pressure variation inside the magma
chamber with regard to eruption, considering
underpressure and overpressure calderas (Marti
et al. 2009). Underpressure calderas result from
subsidence after decompression of the magma
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chamber following a pre-caldera eruptive epi-
sode, according to the established model of cal-
dera formation. Here the initiation of collapse is a
consequence of the eruption, and this is expected
to constitute the condition most frequently
occurring in nature. However, in some cases
there may be evidence that the stress conditions
developing the caldera ring faults are achieved
before the eruption. This is the theoretical ratio-
nale behind overpressure calderas, which may
form when, for example, an overpressurized sill-
like magma chamber is loaded by regional
doming or undergoes regional extension: here the
initiation of collapse is coeval to the eruption
onset (Gudmundsson 1998, 2007).

5.5 Relationships to Regional
Tectonics

Modelling suggests that the structure and devel-
opment of calderas are largely independent of
any regional tectonics. Despite this, regional
tectonics may still affect some features, as the
caldera shape in map view, generating an ellip-
tical collapse with major axis parallel to the
minimum horizontal principal stress g,,.

These elliptical calderas may develop from
elliptical or even circular (in map view) cham-
bers at depth, in any case due to a regional tec-
tonic contribution (Acocella 2007). Most
commonly elliptical calderas reflect the shape of
anisotropic (elongated) magma chambers at
depth. Elongated chambers may form similarly to
what observed at borehole breakouts, where the
cavity is narrowed along the direction of the
maximum horizontal principal stress o, and
elongated parallel to minimum horizontal prin-
cipal stress a,,. This differential horizontal stress
may explain the elongation, parallel to the
direction of regional extension o3, of several
elliptical calderas, as along the oceanic ridge of
Iceland (Askja, Krafla), the East African Rift
System (Suswa, Silali, Paka) and the Taupo
Volcanic Zone of New Zealand (Okataina,
Taupo; e.g., Bosworth et al. 2003). Elongated
magma chambers leading to elliptical calderas
may also form through the coalescence of
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multiple dikes aligned perpendicular to the
direction of regional extension o5 or intruding
pre-existing regional structures. In both cases, the
result is an elongated magma chamber growing
along the direction of the dikes. Examples of
calderas elongated parallel to the rift axis (and
thus to the direction of dikes) and perpendicular
to the direction of regional extension include Erta
Ale and Pantelleria (Italy).

In principle, elliptical calderas may also
derive from the collapse of circular (in map view)
magma chambers, provided a regional stress field
is active. This may occur in three situations
(Acocella 2007). (a) When an outward dipping
ring fault locally reactivates a pre-existing
regional normal fault dipping towards the cal-
dera centre: this shifts the upper part of the ring
fault outwards, locally widening the caldera. The
reactivation may occur only if the ring fault is
tangent to the regional fault. The field relation-
ships between regional normal faults and the
western rim of Askja caldera suggest that even a
difference in strike of very few tens of degrees
hinders reactivation. (b) In presence of an active
regional stress field, which affects the dip of the
portion of the outward dipping ring fault striking
perpendicular to the minimum horizontal princi-
pal stress g, or to the maximum horizontal
principal stress oy (Holohan et al. 2005). In
particular, the portion of the outward dipping
ring fault striking perpendicular to the o, direc-
tion (extensional condition) becomes steeper,
widening the caldera in that direction, whereas
the portion of outward dipping ring fault striking
perpendicular to the o, direction (compressional
condition) becomes gentler, narrowing the cal-
dera in that direction. As a result, in both cases a)
and b) the major axis of the elliptical ring fault is
parallel to the minimum horizontal principal
stress a,,. In any case, the models suggest that
with pre-existing regional structures or regional
stress field the expected maximum eccentricity
is ~1.2. Therefore, only a part of the eccen-
tricity of more elongated calderas may be ascri-
bed to pre-existing regional extensional
structures or a regional stress field. (c) A further
process possibly generating elliptical calderas
from originally circular magma chambers is post-
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collapse faulting. Regional normal faults may in
fact dissect and elongate a caldera along the
minimum principal stress &3, as proposed at
Fieale, Afar (De Chabalier and Avouac 1994).
However, the efficiency of this process appears
limited, as highly dipping normal faults do not
usually increase caldera eccentricity of more
than ~ 10%.

At the extreme, significant magma chamber
withdrawal may reactivate regional normal
faults, if present, forming graben calderas.
Graben calderas are elongated rift segments
bounded by normal faults collapsing during large
eruptions under regional extension and whose
width approximates that of the erupting reservoir
below. Graben calderas, inferred on continental
(southern Basin and Range, western USA),
transitional (central Afar) and oceanic rifts (East
Pacific Rise), thus represent a strongly elongated
end-member type of caldera (Lagabrielle and
Cormier 1999; Aguirre Diaz et al. 2008; Acocella
2010). Because of the “space problem”, a block
bounded only by inward dipping regional faults
may not sink: therefore, the reactivation of
outward-dipping regional normal faults with
inverted (reverse) kinematics is expected.

Finally, regional tectonic stresses may not
only affect the caldera shape, but also its antici-
pated or delayed formation. In fact, numerical
results indicate that regional extension decreases
the stability of the roof rock overlying a magma
chamber, thereby promoting early-onset caldera
collapse, or even suppressing any resurgence.
Alternatively, moderate amounts of regional
compression ( < 10 mm/year) on relatively short
timescales (<10* years) increase roof rock sta-
bility, delaying collapse (Cabaniss et al. 2018).

5.6 Resurgence

Some calderas experience notable uplift of their
floor, providing evidence for resurgence.
Resurgence is a spectacular, albeit still relatively
poorly-known, feature of many calderas, so that
it is commonly defined on the evident uplift of
the caldera floor, rather than on the responsible
process(es). The uplift may be recognized from
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unusually raised deposits within the caldera,
including the caldera-forming eruption or marine
and lacustrine sediments. The uplifted area is
usually circular to elliptical, from a few kilome-
tres (Pantelleria, Italy) to a few tens of kilometres
wide (La Pacana, Chile), somehow proportional
to the size of the caldera; in some cases, resur-
gence may show a polygonal shape, due to the
reactivation of pre-existing regional structures
(Ischia, Italy; Fig. 5.10).

The amount of uplift ranges from a few tens
of metres, as at Alcedo (Galapagos), to more than
a thousand of metres, as at Valles (New Mexico),
Toba (Sumatra) and Cerro Galan (Argentina).
The duration and uplift rate of resurgence are
usually poorly constrained, being at best inferred
through the cumulated uplift achieved within a
geologically-defined period (often tens of thou-
sands of years), which is usually longer than that
of effective uplift. So far, the best-constrained
uplift paths for resurgence derive from Campi
Flegrei, Toba, Siwi (Vanuatu) and Iwo-Jima
(Japan) (Fig. 5.11; Newhall and Dzurisin 1988,
and references therein; Chen et al. 1995; de Silva
et al. 2015; Isaia et al. 2019). These cases show
very different duration of resurgence, which lasts
from ~1 to 70 ka, and different uplift rates,
which range from centimetres to tens of cen-
timetres per year, that is similar to or one order of
magnitude faster than the regional tectonic rates.
However, these rates are usually not constant.
For example, the resurgence at Campi Flegrei
shows uplift episodes alternated with subsidence.
While net uplift dominates, the temporary sub-
sidence may be still significant at times, on the
order of several tens of metres over a few thou-
sands of years. Also, the eruptive periods
(epochs) broadly correlate with periods of uplift
during resurgence. At Siwi and Iwo-Jima the
available data describe incremental uplift phases
interrupted by stases and minor subsidence. The
resurgence at Toba shows an apparently contin-
uous, albeit not constant, uplift. Therefore,
available evidence indicates that most resurgent
uplift occurs episodically, within a very few
thousands of years, interrupted by stasis or even
subsidence, although some calderas show a more
continuous behaviour (Acocella 2019). In some
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Fig. 5.10 Examples of resurgent calderas; note the
different scales. a Valles caldera, New Mexico (USA);
b Siwi caldera, Vanuatu; ¢ La Pacana caldera, Chile (Siwi

cases, as at Pantelleria and Ischia, geodetic data
indicate that the resurgent portion of the caldera
has been experiencing subsidence for decades,
suggesting an interruption of the longer-term
resurgence. At Ischia, the subsidence is accom-
panied by recurrent, very shallow (~1 km
depth) and destructive seismicity along the faults
bordering the most uplifted part of the resurgent
area. This behaviour may result from accelera-
tions of the ongoing subsidence, which is inter-
preted to derive from the degassing of the
previously intruded and non-erupted magma
partly responsible for resurgence (Trasatti et al.
2019). Resurgence is commonly associated with
felsic volcanism (Table 5.1). In fact, most of the
resurgent calderas, including those with strong

DEM courtesy: Elodie Brothelande; modified after Lind-
say et al. 2001; Galetto et al. 2017)

uplift reaching a thousand of metres, as at Valles,
Long Valley, Toba and Ischia, are consistently
felsic. Resurgence in mafic calderas is found only
at Loihi (Hawaii) and Alcedo and Sierra Negra
(Galapagos), with moderate uplift between ~ 30
and ~100 m (Acocella 2019; Clague et al.
2019).

In many resurgent calderas the uplifted
deposits define a broad subcircular or elliptical
resurgent dome, associated with an apical gra-
ben with inward-dipping normal faults, as
observed at Valles, Long Valley or Kutcharo,
Japan. The apical graben, often elongated per-
pendicular to the regional extension direction,
results from the crestal extension created by the
doming, which may also be responsible for a
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Fig. 5.11 Uplift histories of felsic resurgent calderas at
Campi Flegrei (Italy), Toba (Sumatra), Siwi (Vanuatu)
and Iwo-Jima (Japan). Eruptive periods (orange bands)

localized decompression promoting the apical
volcanism. These domes in fact also show syn-
resurgence eruptive vents within the dome and
along the boundary, likely resulting from the
pervasive intrusion of magma within the dome
faults and the resurgence ring fault (Self et al.
1986; Goto and McPhie 2018).

In other calderas the uplifted deposits may
define a resurgent block, where the non-
bended deposits have a consistent attitude.
These may be tilted of a very few tens of
degrees about a horizontal axis, showing a
marked asymmetry in the section view of the
block, as at Ischia, Pantelleria, Alcedo, Sierra
Negra and Suswa (Orsi et al. 1991; Skilling
1993). Resurgent blocks show syn-resurgence
eruptive vents along their sides, in correspon-
dence with the border faults, or outside. The
development of a resurgent dome or block does
not depend on the amount of uplift, as resurgent
blocks may be uplifted as much as domes
(Table 5.1). The possibility to develop a resur-
gent dome or a block may depend on the aspect

and cumulative erupted products (orange curve) are also
included for Campi Flegrei (modified after Acocella
2019)

ratio A, (thickness z/width L) of the crust
overlying the magma chamber (Fig. 5.12; Aco-
cella et al. 2001). Aspect ratios A, ~ 1, where
the depth to the magma chamber is similar to
the width of the uplifted area, develop resurgent
blocks with consistent attitude of the layers and
peripheral volcanic activity (Ischia and Pantel-
leria type). Aspect ratios A, ~ 0.4, where the
depth to the magma chamber is smaller than the
width of the uplifted area, develop resurgent
domes with apical depression, domed layers and
peripheral and internal volcanic activity (Valles
and Long Valley type). These features may
result from the different flexural response of the
thicker and thinner uplifted crusts. The large
and apparently resurgent block of Toba may
provide an exception to this model.

The boundary of the resurgent portion may be
sharp and with evident morphological expres-
sion, such as a scarp, suggesting the activity of
faults confining the uplift. This is well exempli-
fied along the most uplifted part of resurgent
blocks, as at Ischia and Pantelleria. Modelling
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A ~1: resurgent block
Peripheral volcanism

A_~0.4: resurgent dome
Apical and peripheral volcanism

Crestal graben

5 ““/ Uniformly-dipping
layers

a)

Magma reservoir

Fig. 5.12 Summary of the two main resurgence modes
observed in experiments and nature mainly as a function
of the aspect ratio A, (where A, = thickness z/width L) of
the crust overlying the magma chamber. a A higher A,
develops a resurgent block with consistent layers within
and peripheral volcanic activity (Ischia and Pantelleria

and field data (as at Valles) suggest that the
boundary of resurgent domes may also experi-
ence non-elastic deformation, thus being faulted.
Therefore, the presence of resurgence bounding
faults raises a “space problem” similar to caldera
collapse. As a consequence, the nature of the
resurgence’s bounding faults has been object of
field and modelling studies (Tibaldi and Vezzoli
1998; Acocella et al. 2001). Resurgent blocks
and domes cannot be bordered by major outward
dipping normal faults, as the uplift of a horst-like
structure  would require unrealistic syn-
resurgence extension outside the uplifted area.
Therefore, most resurgent areas are expected to
be bordered by subvertical to high angle inward
dipping, reverse structures. High angle inward
dipping reverse faults, with displacement of
several hundreds of metres, have been observed
to border resurgent blocks, as at Ischia. These
features are also common in resurgence experi-
ments, resulting from the upward rotation of the
maximum principal stress ¢; during differential
vertical motion, similarly to what occurs for the
caldera reverse faults (see detail of stress distri-
bution in Fig. 5.12a). In addition to the reverse
faults, marking the structural boundary of the
resurgence, internal normal faults may result
from the gravitational instability of the periphery
of the uplifted area, similarly to what observed
for the caldera normal faults.

type; dashed purple lines illustrate local configuration of
the o, trajectories controlling the development of the
reverse ring fault). b A lower A, develops a resurgent
dome with domed layers, apical depression and volcanic
activity at the periphery and within the dome (Valles and
Long Valley type; modified after Acocella et al. 2001)

Resurgence is a notable feature of many cal-
deras. However, while many studies have
investigated and explained the causes of caldera
collapse, the processes controlling the opposite
motion, that is resurgent uplift, have been more
rarely investigated and, as such, remain less
understood. In fact, while it has been generally
accepted for decades that resurgence results from
a build up in pressure in the magma chamber, or
from shallow intrusions, a few models have been
proposed to explain the details of this process.
Possible mechanisms related to the dynamics of a
magma chamber and triggering resurgence are
regional detumescence, magmatic rebound and
general magma pressurization (Marsh 1984;
Kennedy et al. 2012). Regional detumescence is
one of the first models proposed for resurgence
(Smith and Bailey 1968; Marsh 1984). It implies
that, upon caldera formation, an originally infla-
ted crust relaxes, pushing downward on the
magma chamber and squeezing magma upward
against, around, and possibly through the fallen
caldera block, triggering resurgence. This pro-
cess does not really require any addition of new
magma within the chamber and, as such, pro-
vides a self-sustaining explanation for resurgence
after caldera formation. However, it would
require a magma chamber much wider than the
collapsed area and relaxation of a large previ-
ously uplifted area, features which are not really
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observed. Therefore, this model appears unsup-
ported by observations. Magmatic rebound,
and/or decompression following the formation of
a caldera, has been proposed as an attractive and
elegant explanation for resurgence (Marsh 1984;
Kennedy et al. 2012). This is related to the
sluggish response of the viscous magma to the
sudden drawdown caused by the eruptions dur-
ing caldera formation. In particular, the caldera-
forming eruption may empty more than enough
magma to bring the system to magma-static
equilibrium, determining a pressure drop which
may be balanced by the flow of new magma
injected in the system. In this model, resurgence
requires the input of new magma closely fol-
lowing caldera formation. A limitation to the
widespread application of this model is that the
time between caldera development and the onset
of resurgence in natural cases often ranges from a
few tens of thousands of years (Ischia, Pantelle-
ria, Valles) to several hundreds of thousands of
years (Yellowstone), suggesting the lack of a
direct relationship between caldera collapse and
resurgence (Table 5.1). Magma pressurization
is a broad term, which includes an increase in the
pressure within a magma chamber as resulting
from magmatic convection, vesiculation or the
influx of new magma at the base of the caldera
block (Smith and Bailey 1968; Marsh 1984).
This process usually requires the injection of new
magma within the magma chamber, although it
may also occur emplacing shallower laccolith-
like intrusions, even at the base of the caldera
infill. Evidence for such a shallower magma
mainly derives from eroded calderas, as at
Grizzly Peak and Lake City (Colorado, USA)
and Kumano (Japan), and borehole stratigraphy,
as at Long Valley (Fridrich et al. 1991; Kawa-
kami et al. 2007; Kennedy et al. 2015; Hildreth
et al. 2017). Magma pressure increase within the
chamber, or at shallower levels, is a feasible
possibility, although alone it still does not
explain a crucial feature of resurgence, that is the
anomalous accumulation of magma required to
trigger dramatic uplift instead of feeding erup-
tions. This latter feature is underlined by the
usually much higher volumes of the resurgent
portion with regard to the volumes of magma

179

erupted during resurgence. This imbalance sug-
gests some process hindering the extrusion of the
pressurized magma. This problem has been
tackled postulating that the hindered eruption of
the magma responsible for resurgence is related
to its relatively low viscosity contrast (less than
approximately 9 orders of magnitude) with the
residual magma below a caldera (Galetto et al.
2017). Such a viscosity contrast provides a rhe-
ological barrier, hindering the upward propaga-
tion through dikes of the new injected magma,
which accumulates in sill- or laccolith-like
intrusions, stagnates and promotes resurgence
(Fig. 5.13). This model considers a spectrum of
combinations in the thickness and viscosity of
the residual magma, which determine the per-
meability of the rheological barrier. Thicker and
medium viscosity residual magma provides a less
permeable barrier, leading to resurgence without
eruptions within the resurgence area, as observed
at Ischia, Yellowstone or Iwo-Jima. Other con-
ditions of thickness and viscosity provide a more
permeable barrier, leading to resurgence accom-
panied by diking and thus eruptions within the
resurgent area, as observed at Campi Flegrei.
This mechanism may explain resurgence through
the input of new magma at different crustal
levels, as within the magma chamber or at the
base of the caldera infill. A neutral or compres-
sive regional stress field would further hinder
dike propagation and eruptions, thus encouraging
the storage of the magma at depth and resur-
gence, consistently with the evidence that resur-
gent calderas are rare or absent in rifts
experiencing relevant extension (several mm/yr
or more, as in the Taupo Volcanic Zone of New
Zealand). Similar low-viscosity contrasts in
magma reservoirs may also provide the condi-
tions to pass from magma eruption to accumu-
lation, which is essential to develop large magma
chambers before major eruptions.

5.7 Caldera Unrest

A distinctive shorter-term behaviour of calderas
is their frequent state of unrest, as revealed by
surface deformation, seismicity and degassing.
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Eruption

Resurgence

Resurgence

Laccolith

Thinner residual magma
High viscosity contrast (n,/m,>10")

Fig. 5.13 Conditions for resurgence. a A thinner layer of
viscous residual magma (high viscosity contrasts with the
new magma) promotes dike propagation and eruption,
without resurgence. b A thicker layer of medium viscosity
residual magma (with relatively low viscosity contrast
with the new magma) hinders dike propagation, promot-
ing stagnation and resurgence; peripheral eruptions may

Unrest is a deviation, lasting from days to cen-
turies, from the normal quiescent state towards a
state which may lead to eruption. Unrest,
although most common at calderas, may occur at
any volcano, representing a widespread condi-
tion. Because of its general occurrence and
potentially hazardous implications, unrest is
discussed, together with eruption forecasting, in
Chap. 9; here only an overview of the specific
caldera unrest features is given.

More than a thousand episodes of caldera
unrest have been documented based on the
appearance of phenomena related to the eruption
preparation, or possible precursors. As in a typ-
ical year some form of unrest occurs at nearly 20
calderas on average, unrest should be considered
a common state for active calderas, although in
approximately half of the cases unrest does not
culminate into eruption (Phillipson et al. 2013).
The most frequently reported features character-
izing caldera unrest include local earthquake
swarms, volcanic tremor; uplift, subsidence, tilt,
ground fissuring, changes in the temperature of
soil, water, or gas, changes in fumarolic activity
and, ultimately, eruptions. These seismic,

Thicker deep residual magma
Relatively low viscosity contrast

(ng/M<109)

Residual magma with viscosity 1,

Thicker shallow residual magma
Relatively low viscosity contrast

(ng/M,<109)

Bl New magma with viscosity n,,

occur. ¢ Same as (b), but shifted at shallower levels: dikes
(orange) may arrest within the altered intracaldera tuff,
developing one or more sills (orange) constituting a
rheological barrier for successive dikes (red), stagnating
in laccoliths and promoting resurgence. Mechanism
(¢) may be alternative to, or combined with, (b) (modified
after Galetto et al. 2017)

geodetic, geochemical and thermal variations are
mostly limited to parts of calderas, without being
necessarily concentric. But seismicity, uplift,
degassing, thermal activity and eruptions at a
given caldera do not always share a common
centre. Furthermore, centres of each unrest may
shift from one episode to the next, or even within
a single episode. At depth, unrest may reach the
lowermost crust (Newhall and Dzurisin 1988;
Acocella et al. 2015; Hotovec-Ellis et al. 2018).

In particular, as regards surface deformation,
all types and scales of ground deformation may
occur in any part of a caldera during unrest.
Occasionally, ground deformation above a con-
duit or a dike is so dramatic that it can be directly
witnessed without any instrument. Normally,
however, ground deformation is subtle and
within the elastic domain (with rates of mil-
limetres or centimetres per year), so that it can be
detected only through appropriate equipment (see
Chap. 8). Broad, subtle, years to decades long
uplift has occurred within several large calderas.
A common deformation pattern consists of a
dome-like inflation, with the maximum uplift
centred on an internal portion of the caldera.
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Surface deformation can be usually modelled
with sources shallower than 10 km depth, con-
sistent with the depth to the top of large geo-
physically imaged magmatic reservoirs (Newhall
and Dzurisin 1988).

As regards seismicity, this may be found
around caldera margins and elsewhere within
the caldera. Most seismic swarms within or near
calderas consist of relatively small earthquakes,
with magnitude lower than 3 and rarely reaching
6 and depth less than 15 km. Some of these
result from the brittle failure of country rock
under magma intrusion (volcano-tectonic
earthquakes, see Sect. 8.4.1). Failure may be
facilitated by high pore pressures within
hydrothermal systems. Other events reflect
release of regional tectonic stress, shear of vis-
cous magma along the walls of a conduit,
explosions in magma, or collapse as magma is
erupted or drains laterally into a rift zone, pro-
ducing low period events and volcanic tremor
(see Sect. 8.4.1). Eruptions can occur at any
stage in the waxing or waning of seismic energy
release: patterns are too varied and too poorly
understood to conclude that any specific beha-
viour will lead to eruption. Also, the intensity of
precursory seismic activity is not always pro-
portional to the size of any associated eruption
(Newhall and Dzurisin 1988).

As regards degassing, this may occur in any
part of the caldera, also outside. Within this
variability, degassing usually focuses in defined
portions of the caldera, as vents, craters or along
fault zones, largely depending upon increased
local permeability conditions. Changes are
commonly noted in fluid composition, flux of
fumaroles or hot springs, level and composition
of ground water, or water level in crater lakes.
The most common changes are increases in total
discharge, in the discharge and proportion of acid
gases (SO,, H,S, HCl and HF) and in CO,
emission. Also, several calderas have major
thermal areas on their floors or along their rims,
as Yellowstone and Uzon (Kamchatka, Russia).
Temperatures of fumaroles range from less than
100 °C to more than 950 °C, and temperature
changes of several hundred degrees are not
uncommon during unrest. Temperature changes
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have been reported for several caldera lakes
(Newhall and Dzurisin 1988).

Caldera unrest usually persists for months to
years, and sometimes even decades to centuries.
Unrest is usually longer at silicic calderas, pos-
sibly resulting from the higher viscosity and
larger size of silicic magma systems, which slow
any response to disturbance. Some unrest at large
calderas, such as Campi Flegrei, Rabaul (Papua
New Guinea), Aira and Iwo-Jima (Japan), has
been lasting for centuries (Newhall and Dzurisin
1988; Jellinek and DePaolo 2003; Dvorak and
Dzurisin 1997). Unrest is likely to be intermit-
tent, rather than to show a systematic increase
until culmination. In fact, during unrest activity
may wax or wane several times before culmi-
nating in any eruption or a shallow intrusion or
before returning to quiescence (Fig. 5.14). Seis-
micity often occurs in repeated swarms, rather
than in a continuous pattern and uplift often
alternates with subsidence (as at Yellowstone and
Campi Flegrei) and may be episodic, as sug-
gested by the multiple terraces at Toba and Iwo-
Jima. The intermittent nature of most unrest at
calderas poses a challenge for eruption forecast-
ing, because successful forecasts must distin-
guish between short lulls and long periods of
quiescence in order to be socially useful.

Caldera unrest reflects tectonic, magmatic and
hydrologic processes. However, where estab-
lished, the root cause for unrest is magmatic.
While external earthquakes or hydrothermal
processes may definitely encourage unrest, no
unrest is of purely hydrothermal or tectonic ori-
gin: magma appears as the main ingredient,
although in many cases it may also induce
important changes in the hydrothermal system,
supplying this with fluids and energy (Newhall
and Dzurisin 1988; Acocella et al. 2015). As a
result, it may become difficult to define whether
unrest has a dominant magmatic or hydrothermal
involvement, although the outcome of one con-
dition or the other may be different. If the
hydrothermal component dominates, a phreatic
eruption may be the expected outcome from the
pressurization of the hydrothermal system. Con-
versely, the involvement of a dominant magmatic
component may lead to a stronger and more
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Fig. 5.14 Vertical deformation at the surface (specified on the Y-axis if in metres or centimetres) through time during
unrest episodes at felsic (a—e) and mafic (f, g) resurgent calderas (modified after Acocella 2019)

impacting magmatic eruption. Therefore, while
discriminating the nature of the dominant unrest
component is challenging, it is also important for
appropriate hazard assessment and eruption fore-
casting. The recommendation is to combine mul-
tiple types of observations, as no one type of data
uniquely pinpoints the nature of unrest (Pritchard
et al. 2019). Among the various approaches, the
inversion of volcano deformation data contributes
to distinguish pressurized magmatic from
hydrothermal sources, constraining their location,
volume change and shape (see Sect. 8.3.2). In
fact, a first-order distinction between a dominant
magmatic or hydrothermal involvement in unrest
should consider the depth of the retrieved source:
if this is larger than 3—4 km, then chances are that
the hydrothermal system has minor involvement.
Magmatic unrest at calderas is often consistent
with pressurised sill-like intrusions or oblate (with

minor vertical axis) ellipsoids (see Chap. 9). In the
case of repeated and intermittent unrest, recurrent
magma emplacement should be considered. This
condition requires a persistently hot crust, where
magma emplacement is assisted by the thermal
anomaly created by the previously intruded
magma (Amoruso et al. 2017). Sometimes more
than one dominant source is needed to explain
observations, highlighting complex distributions
of melt in the shallow plumbing system, espe-
cially below silicic calderas. Caution should be
also taken in interpreting the caldera deformation
data for geodetic inversion. In fact, some calderas
have shown patterns of surface deformation con-
sisting of broad subsidence affecting the wider
volcanic edifice and stronger localized subsidence
focused inside the caldera ring faults. Physical
models in elastic half-space (see Sect. 8.3.2)
commonly explain these observations with the
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pressurization of two magma sources at different
depths. However, taking into account for the
deformation along the ring fault, both the broader
and the more focused subsidence can be explained
by the shrinking of a same deeper magma source,
above which the activity of the ring-fault localizes
the deformation at the surface. Therefore, omitting
ring faulting and using multiple point/sill-like
sources in models of subsiding (or inflating) cal-
deras can result in erroneous estimates of magma
reservoir depths and volume changes (De Natale
and Pingue 1993; Liu et al. 2019).

5.8 Long- Versus Short-Term
Deformation

Many calderas show the superimposition of
longer-term geological uplift (hundreds to thou-
sands of years; during resurgence) and shorter-
term geodetic deformation often characterized by

uplift (years to decades; during unrest), fre-
quently insisting on the same area (Fig. 5.15).
These uplifts refer to different timescales and can
be detected only through different approaches:
therefore, trying to understand the relationships
between the longer- to the shorter-term uplift, as
well as the responsible processes, is not
straightforward. In fact, resurgence has been
often assumed to result from a continuous,
although not necessarily constant, uplift, related
to a single or anyway distinct supply of magma.
Conversely, unrest is accompanied with a more
discontinuous behaviour, characterized by statis
and deflation episodes. This apparently different
behaviour has suggested that resurgence is a
distinct process, independent of unrest in mech-
anism and scale (e.g., Marsh 1984; Kennedy
et al. 2012; de Silva et al. 2015).

Comparing the shorter- and longer-term
deformation histories at resurgent calderas pro-
vides an alternative understanding of these

Older uplifted
bollard

Fig. 5.15 Example of notable shorter- and longer-term
deformation at Campi Flegrei caldera, Italy. Foreground:
older dock level of the Pozzuoli harbour, in the caldera
centre, uplifted of ~2 m during the 1982-1984 unrest,
with the newer and currently active dock level, built after

the unrest, lying approximately 2 m below; both docks
are identified by the bollards. Background: La Starza
marine terrace, uplifted of at least 60 m during resurgence
of the caldera centre (photo courtesy Mauro Di Vito)
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relationships. Available data show that, on the
short-term, unrest at resurgent calderas (Long
Valley, Yellowstone, Ischia, Campi Flegrei, Iwo-
Jima, Sierra Negra, Alcedo) consists of uplift and
subsidence, with the former dominating and
producing net uplift (Fig. 5.14). On the long-
term, the uplift history of the known resurgent
cases (Campi Flegrei, Iwo-Jima, Toba and Siwi)
includes, in addition to prevalent uplift, also
stasis and subsidence episodes (Fig. 5.11).
Therefore, both the short- and long-term defor-
mation histories at resurgent calderas reveal dis-
tinct and repeated uplift episodes, highlighting an
incremental behaviour. Also, in most resurgent
calderas (Long Valley, Campi Flegrei, Iwo-Jima,
Sierra Negra and Alcedo) the short- and long-
term uplifts coincide in location and pattern. All
these similarities suggest that unrest is an incre-
mental episode of the much longer and cumula-
tive resurgence (Acocella 2019). This would
imply that resurgence is not the result of a con-
stant, and not even continuous, uplift indepen-
dent of unrest. Rather, the vertical deformation
during resurgence may be interpreted as a com-
bination of episodes of uplift, repose and subsi-
dence, each with different duration, in which net
uplift predominates on the longer-term. Also,
consistently with the likelihood that caldera
inflation results from magma emplacement, each
uplift episode during resurgence may be inter-
preted as resulting from a pulse of magma
intrusion. This view supports an incremental
growth of magmatic reservoirs, where each epi-
sode of inflation may result from the emplace-
ment of a sill-like intrusion, eventually
developing a laccolith responsible for resur-
gence. This frame is consistent with observations
from the growth of plutonic bodies, confirming
that volcanic and plutonic processes are charac-
terized by similar incremental growth modalities
(see Chap. 4; Glazner et al. 2004; De Saint
Blanquat et al. 2011; Coleman et al. 2016).
Therefore, resurgence seems the result of a
complex longer-term evolution of a magmatic
reservoir, in which repeated episodes of shallow
magma emplacement responsible for net uplift
predominate over possible episodes of stasis or
subsidence. In this frame, during resurgence
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magma intrusion may be followed by quiescence
(suggested by a stasis in the deformation), lateral
magma propagation (suggested by short-lasting
subsidence in the caldera centre), degassing and
crystallization (both suggested by long-lasting
subsidence), eruption (suggested by abrupt sub-
sidence) or by a new episode of intrusion (sug-
gested by a different uplift rate; Fig. 5.16).

This vision may also contribute in determining
the capacity of volcanoes to store or erupt magma,
forecasting their longer-term eruptive behaviour.
In particular, the coupling or not between uplift
episodes and eruptive periods during resurgence
at calderas should allow understanding whether or
not and, mostly, to which extent, a caldera is able
to store its shallow magma. For example, Campi
Flegrei highlights a coupling between uplift and
eruptions during resurgence (Fig. 5.11a). This is
in line with the minor resurgence with ~ 180 m
of uplift and the relatively high amount of magma
erupted during resurgence (compare the erupted
and resurgent volumes in Table 5.1), suggesting
that a relevant part of the magma intruded during
resurgence is erupted. However, most resurgent
calderas are characterized by a proportionally
lower amount of magma erupted during resur-
gence, whose uplift episodes are expected to be
less coupled, or even uncoupled, to eruptions.
These diverse behaviours may be related to the
different permeability of the residual magmatic
reservoir to the new injected magma, as discussed
in Sect. 5.6.

5.9 Magma Transfer and Eruptions

After having considered the long-term (resur-
gence) and short-term (unrest) accumulation of
magma below calderas, this section discusses
how the accumulated magma may be transferred,
eventually feeding eruptions. More detailed
aspects of shallow magma transfer below cal-
deras, dealing with circumferential intrusions, are
discussed in Sect. 7.5.

Calderas are associated with the largest erup-
tions. Indeed, they are capable of erupting the
hundreds or thousands of km® of magma typical
of a super-eruption, which is the most destructive



5.9 Magma Transfer and Eruptions

a) Continuous storage

Vertical deformation

b) Incremental
continuous storage

185
c¢) Incremental
discontinuous storage

7] 1) Crystallization/degassing
2) Eruptive deflation b
7 2 5a

3
4

3) Lateral intrusion
4) Quiescence
5a/5b) Consecutive intrusions

Time (ka)

Fig. 5.16 Possible deformation models for resurgence.
The incremental discontinuous storage model (case c) is
more consistent with available deformation data: here net
uplift is interrupted by possible stasis (quiescence) or

natural disaster associated with the activity of our
planet. These cataclysmic events are relatively
rare, occurring on average less than once every
several tens of thousands of years. More frequent
(occurring once every approximately 110 years)
are the moderate-sized caldera-forming eruptions,
as in 1991 at Pinatubo (Philippines; Newhall et al.
2018; Rougier et al. 2018). These moderate to
large explosive eruptions are related to calderas
because a significant ( > 10" km? in volume) and
rapid (days to weeks) removal of magma from a
chamber often generates roof collapse.

The structural features of a caldera may not
affect the size of an eruption, but may influence
the transfer of magma feeding the eruption.
These features are mainly related to the varia-
tions in the aspect ratio of the roof of the magma
chamber A, (where A, is the ratio between the
depth z and width L of the crust overlying the
chamber; see for example Fig. 5.12) and the
amount of subsidence s with regard to the caldera
diameter d, expressed as the s/d ratio. While the
roof aspect ratio A, mainly regards larger caldera-
forming eruptions, the subsidence/diameter ratio
s/d is mainly applicable to minor eruptions, not
necessarily related to caldera formation.

As far as the aspect ratio A, of the roof of the
magma chamber is concerned, when A, < 1 the
volume of the depression created at the surface is
similar to that lost within the chamber during
collapse. This implies a ~ 1:1 ratio between the
caldera depression volume and the chamber

Time (ka) Time (ka)

subsidence, due to crystallization/degassing, eruptions or
lateral intrusions, all included within resurgence (modified
after Acocella 2019)

contraction. Conversely, when A, > 1, the vol-
ume of the caldera at the surface becomes smaller
than the volume lost in the chamber, because of
the incoherent deformation developed in the
thicker roof. In this case, the ratio between the
caldera depression and the chamber volumes
becomes less than 1, in line with the previously
mentioned (Sect. 5.3) evidence that a larger
volume of magma must be extruded at greater
depth to form a caldera. For very high aspect
ratios, a caldera may not even form at the surface
(Fig. 5.17; Roche and Druitt 2001; Geyer et al.
2006). It follows that deeper and narrower
magma chambers must evacuate a larger per-
centage of magma to reach a caldera structure
similar to that of shallower and wider chambers.

Another factor related to the aspect ratio A,
regards the effective connectivity between the
magma chamber and the surface during a
caldera-forming eruption, potentially controlling
syn-collapse eruptive activity (Acocella 2007).
Lower aspect ratios (A, < 1.6) form coherent
collapse, ensuring connection from the chamber
to the surface with newly formed gaping faults,
which may be penetrated by the magma creating
a continuous ring conduit and feeding vents
capable of sustaining the eruption. Higher aspect
ratios (A, > 1.6) form incoherent collapse, which
may hinder appropriate magma penetration, and
thus connection from the chamber to the surface
and, eventually, the continuation of the eruption,
if the eruption is not of relevant size. Therefore,



186

5 Calderas

Pinatubo
Vesuvio 79 AD
Cebcguco @
® °
® o)

O

Crater Lake

Erupted volume fraction F__ (%)
(€]
o
|

O \0oe

i @ 100%
7] Long ° QOZA
|G o F,.=224Ln(A)+435 R2=097 ; 32;
. Santorini o 70:A’

La @'ﬂcana © 60%
0 T 1| T T T T

Fig. 5.17 Erupted volume fraction (F,;) at the caldera
onset as a function of the aspect ratio of the roof of the
magma chamber A, (Where A, = thickness z/width L of the
roof). The erupted volume fraction is the portion of magma
that needs to be erupted to trigger caldera collapse. Values

in addition to the availability of eruptible magma,
the aspect ratio of the chamber roof should be
considered as a factor capable of sustaining
smaller eruptions.

The occurrence and location of syn- to post-
collapse volcanism may also depend on the
aspect ratio of the roof of the magma chamber
coupled with the s/d ratio. A small s/d ratio
(s/d < 0.05) generates downsag without ring
fault. In this case, magma withdrawal is expected
along the vent responsible for the eruption and/or
pre-existing structures. With larger s/d ratio
(s/7d > 0.05), the roof aspect ratio A, becomes
important to control the eruption. In the case of
shallow and wide magma chambers (A, < 1), the
ring faults easily reach the surface and the cal-
dera structure may provide an effective path for
the withdrawal for the magma. In this case, if the
chamber is experiencing underpressure, the out-
ward dipping ring faults may be preferably
intruded during immediate post-collapse activity.
This process may have occurred during the
700 km® Bishop Tuff super-eruption, at Long
Valley. Here the strong ellipticity of the caldera

3
Aspect ratio A = (z/L)

of F_,;, for natural examples are calculated considering
different percentages (60—100%) of erupted magma; green
squares indicate experimental values of F,;; at the collapse
onset and green line indicates the related log-fit (modified
after Geyer et al. 2006)

may have favoured the reconstructed pattern of
vent migration and ring fracture unzipping, with
the maximum failure shear strain along the
shorter axis of the elliptical caldera (Holohan
et al. 2008). The intrusion of magma along the
deeper part of the ring faults may depressurise
the nearby portion of the chamber, enhancing the
sinking of its roof and triggering a feedback
between intrusion and collapse. Any intrusion
along inward dipping ring faults requires a higher
pressure, as a larger part of the caldera roof has to
be uplifted against gravity. This may explain the
common occurrence of post-caldera vents along
the outward dipping ring fault of mature calderas.
Conversely, in the case of larger roof aspect ratio
A, (A,>1), and still with large s/d ratio
(s/d > 0.05), the condition for the establishment
of an effective path for magma withdrawal may
not be met. This occurrence depends, for a
magma chamber with width L, on the amount of
subsidence s with regard to the depth of the
magma chamber z, so that a deeper chamber
requires a larger subsidence to ensure connection
with the surface, as previously explained.
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As far as the s/d ratio is concerned, this also
allows defining the distribution and intensity of
the gravitational stresses beneath the caldera.
These result from the mass excavation due to the
caldera depression, which effectively unloads the
crust and reorients the principal stresses, with a
subvertical minimum principal stress g3 below
the caldera centre gradually rotating and
becoming subhorizontal below the caldera rim
(Corbi et al. 2015; Gaete et al. 2019; Rivalta
et al. 2019). The larger the subsidence s, the
stronger the unloading (removal of mass due to
the caldera depression), and the larger the caldera
width d, the deeper the effect of such stress
reorientation. However, subsidence depth should
be corrected for the presence of any caldera infill
(including any water from lakes, sea or ice),
accounting for its density difference with the
surrounding basement. Therefore, while in gen-
eral a large subsidence s promotes a stronger
stress reorientation, this behaviour may be less
pronounced in filled calderas, depending upon
the thickness and density of the infill. As magma
propagates through magma-filled fractures ori-
ented perpendicular to the least principal stress
g3, this unloading affects the direction of magma
propagation, so that any magma-filled fracture
ascending below the caldera centre, as a dike,
may be deflected towards the caldera rim: the
higher the unloading, the stronger the deflection
(Fig. 5.18; Gaete et al. 2019). This process is
further described below considering two-end
members, as Fernandina, a mafic caldera with
evident topographic expression at the top of a
volcanic edifice, and Campi Flegrei, a felsic
caldera largely filled by post-collapse eruptive
deposits, without evident edifice.

Fernandina hosts a ~1km deep and
6.5 X 4 km wide caldera, as well as circumfer-
ential eruptive fissures just outside the caldera
rim and radial fissures on the outer slopes of the
edifice (Simkin and Howard 1970; Chadwick
and Howard 1991). The possible processes con-
trolling this distinctive fissure pattern have been
explored considering principal stress orienta-
tions. Studies have addressed the effect of
magma chamber pressurization, the superposi-
tion of regional and magma chamber stresses, or

187

the stress reorientation caused by gravitational
loads of the volcanic edifice. An important con-
tribution derives from the evidence that stresses
due to the gravitational loading of a volcanic
edifice are generally larger than magma chamber
pressurisation stresses. For realistic edifice and
magma chamber pressurisation levels, edifice
stresses dominate everywhere except very close
to the magma chamber walls (Roman and Jaupart
2014). In addition, recent geodetic data at Fer-
nandina suggest the circumferential fissures have
been fed by laterally propagating sills beneath
the caldera, which progressively increased their
dip becoming sheets and, subsequently, dikes
(see Sect. 7.5; Bagnardi et al. 2013). These fea-
tures underline the importance of the caldera
depression of Fernandina in generating unload-
ing with subvertical o3 at depth, promoting sill
emplacement and lateral magma propagation. In
particular, the rotation towards a subhorizontal
o3 approaching the caldera rim (where the
unloading effect vanishes) affects the lateral
propagation of magma, passing from sills to
inclined sheets and finally to subvertical cir-
cumferential dikes (Fig. 5.19; Corbi et al. 2015).
If the nucleating sill is slightly deeper, it
rotates about its propagation direction to adjust to
the circumferential o5 along the outer slope of the
volcanic edifice, so that the resulting feeder dike
becomes radial and vertical. Therefore, at Fer-
nandina the superposition of an unloading stress
within the caldera (responsible for a vertical g5 in
the centre and a radial o3 at the rim) with a
gravitational stress along the outer slope of the
edifice (responsible for a circumferential o3; see
Sect. 7.6.1) controls the distinctive pattern of
circumferential fissures outside the caldera rim
and radial fissures on the volcano flanks,
respectively. A similar behaviour is observed at
the other active Galapagos calderas, which share
similar topographic features to Fernandina.
Campi Flegrei caldera, on the other hand, has
a very different topographic signature. It is
a ~12 km wide depression hosting two nested
calderas formed during eruptions at ~39
and ~15 ka. The subsidence associated with
both depressions is on the order of ~2 km.
However, the sea, marine deposits and post-



5 Calderas

Caldera
depression

Fig. 5.18 a-—c Section views in polarized light of three
stages (running time indicated in seconds at bottom right)
of an experiment where red water (simulating magma) is
injected in gelatine (simulating the upper crust), high-
lighting the progressive deflection of the resulting dike
below the depression imposed at the surface (red dashed

collapse volcanism filled the caldera depression.
In particular, post-caldera volcanism developed
more than 70 monogenic vents focused pre-
dominantly in the northeast, presently onshore,
sector of the caldera. Eruptive activity migrated
progressively inward over Epochs 1 (15-9.5 ka),
2 (8.6-8.2 ka), and 3 (4.8-3.7 ka), filling most of
the caldera (Orsi et al. 1996; Di Vito et al. 1999;
Smith et al. 2011). The vent of the last Monte
Nuovo eruption (occurred in 1538) lies just
outside the central part of the caldera, but within
its rim. Immediately before the last eruption, the
intruded magma migrated laterally from an
oblate chamber below the caldera centre to
beneath Monte Nuovo and then propagated

we NKLHN]6cm

T

line; simulating a caldera). d Simplified sketch of the
trajectories of the minimum principal stress g3 acting
below the depression, illustrating the induced unloading
responsible for the deflection of the dike, which orients
perpendicular to o3 (modified after Gaete et al. 2019)

upward feeding a circumferential dike (Fig. 5.20;
Di Vito et al. 2016). This limited lateral magma
transfer, feeding an intra-caldera eruption, results
from the minor difference in topography of the
filled caldera, of a very few hundred of meters,
and the slightly lower density of the caldera infill,
which impose a relatively weak unloading.
A limited lateral propagation is observed also for
the vents of the last eruptive epoch, which cluster
at a similar distance of ~3 km from the caldera
centre (Di Vito et al. 2016).

Therefore, Fernandina and Campi Flegrei
show how calderas with different topographic
expression (deriving from different amounts of
subsidence and caldera infill) determine different
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Fig. 5.19 Results of finite element models for an
isotropic edifice subject to unloading applied to Fernan-
dina caldera and edifice (Galapagos). a Axisymmetric
plane projection; the orange lines and the purple line and
rectangles represent the projections on the axisymmetric
plane of the magmatic sheets feeding the 2005 and 2009
eruptions; note that the purple rectangles represent

unloading, stronger at Fernandina and weaker at
Campi Flegrei. A stronger unloading may drive
the magma farther from the caldera centre (out-
side the caldera rim, Fernandina), whereas a
weaker unloading drives magma nearer (intra-
caldera, Campi Flegrei). The distal or proximal
transfer of magma and, ultimately, the location of

projections of shallow dipping sheets. The stress compo-
nents controlling the propagation of the intrusions and
resulting from caldera unloading and the load of the
volcanic edifice are specified in the inset. b Map view
distribution of the stress trajectories within the volcanic
edifice calculated at sea level (modified after Corbi et al.
2015)

eruptive vents at calderas depends, in addition to
the unloading stresses, also on the regional
stresses, the depth to the magma chamber and
magma buoyancy. While regional compression
(horizontal o) is expected to promote gentler
dike trajectories leading to eruptions outside the
caldera rim, regional extension (horizontal o3)
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Fig. 5.20 Magma transfer below Campi Flegrei caldera
(Italy) before the 1538 AD Monte Nuovo eruption:
magma first propagated laterally from the oblate magma
chamber at ~4.7 km depth below the caldera centre and
then propagated vertically (red path) to feed the Monte
Nuovo eruption. The inferred paths (in grey) for other

Distance from the centre of the max uplifted zone (km)

representative eruptions of the last 5 ka are also reported.
Inset at bottom right shows the distance from the caldera
centre of the eruptive vents active in the last 5 ka: all
vents cluster slightly outside the caldera centre, due to the
moderate caldera unloading (modified after Di Vito et al.
2016)
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has the opposite effect, steepening dike trajecto-
ries and promoting proximal eruptions. Also, a
deeper magma chamber implies a longer feeder
dike and, in turn, a higher magmatic pressure,
which inhibits the lateral propagation of sills and
promotes dike propagation. A similar effect is
played by the buoyancy of the intruded magma,
with more buoyant magma inhibiting the lateral
propagation of sills and weakly buoyant magma
feeding inclined sheets (see Sect. 7.5; Corbi et al.
2015; Gaete et al. 2019).

This rationale may be used to forecast the
location of future eruptive vent at calderas. The
trajectories of magma propagation are in fact
controlled by the stress field within the caldera,
which results from the following components:
stresses due to the evolution of the volcano
(including unloading), tectonic or regional stress,
flank movements, magma chamber pressuriza-
tion, previous intrusions and previous large
earthquakes (see Sect. 7.2). The relative impor-
tance of these contributions may vary signifi-
cantly, and determining their weight may be
challenging. However, these contributions may
be constrained comparing modelled magma tra-
jectories with the location of the eruptive vents.
The outcome is a probabilistic stress field which
can be used to define magma propagation tra-
jectories and thus probabilistic eruptive vent
maps. This procedure has been applied to the
post-caldera vents at Campi Flegrei (Rivalta et al.
2019). Here, after the last caldera collapse
at ~ 15 ka, the eruptive vents progressively
migrated from the caldera rim inwards. This
feature is explained as due to the decrease in the
unloading stresses within the caldera, due to its
progressive filling in the last 15 ka (Fig. 5.21).
Progressive caldera filling has thus weakened
unloading stresses and made them less dominant,
steepening the dike trajectories and determining
the inward migration of the vents in the three
eruptive epochs. Moreover, the overall asym-
metric topography of the caldera, with the high-
est relief along its northeast rim (200-300 m
above sea level) and the lowest bathymetry in the
southern part (50-100 m below sea level),
explains also the asymmetric distribution of
vents, which cluster in the currently onshore
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northeast part. In fact, any magma lens below the
central portion of the caldera tends to be attracted
by the zone of highest relief, where the deviatoric
stress is highest, thus propagating towards that
direction. The reconstructed evolution of the
stress distribution at Campi Flegrei has allowed
not only explaining the vent distribution in the
last 15 ka, but also hindsight forecasting of the
location of the last 1538 Monte Nuovo vent. This
in fact lies in the onland annular portion, at ~3
km from the caldera centre, which is also the
most likely location for the opening of future
vents (Rivalta et al. 2019). A consistent rela-
tionship between the location of vents and the
stress distribution is observed also at other cal-
deras with known eruptive history and overall
stress state, suggesting a wider applicability of the
approach, including the possibility to forecast the
location of vents (Fig. 5.22). This method may
provide an important advancement in building
physics-based hazards maps of the probability of
opening of a vent at a volcano. In fact, current
hazards maps are typically description-based
(considering only the location of the past vents,
without explaining their distribution with physi-
cal models), resulting in limited forecast.

While the concept of stress unloading may
generally explain the shallow transfer of magma
and opening of vents feeding the minor eruptions
commonly observed at calderas, it may be less
applicable to the less frequent caldera-forming
eruptions, where the rise of magma with
higher pressure and buoyancy may be less
affected by the unloading stress distribution (see
also Sect. 7.5).

5.10 Lessons from Active Calderas

As introduced, calderas are the most active type
of volcano, characterized by long-term resur-
gence, short-term unrest and eruptions of any
size, with exclusive pertinence of the largest
sizes. Active calderas have shown remarkable
examples of these types of activity in the last
decades, permitting to better understand their
behaviour and processes. This section summa-
rizes some relevant events, considering unrest
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culminating in eruption (eruptive unrest) from
mafic and felsic calderas, as well as episodes of
caldera collapse.

5.10.1 Sierra Negra

Eruptive unrest recently occurred at both mafic
and felsic calderas. Among mafic calderas, the
unrest predating the 2005 eruption at Sierra Negra
shows several interesting features. Sierra Negra is
the most voluminous volcano in the western
Galapagos Archipelago. Above sea level, it is
60 x 40 km wide and 1140 m high, with a
summit caldera larger (7 x 10 km) but shallower
(110 m deep) than the other calderas in the

within the caldera (yellow), which gradually shifts the
location of the eruptive vents (triangles) inward. Also, the
asymmetric distribution of the vents is explained by the
highest relief to the northeast, which develops stronger
gravitational loads and thus attracts magma (bottom
diagram; modified after Acocella and Rivalta 2019)

western Galapagos. More than ten historical
eruptions have occurred since 1813, producing
lava flows on the north flank. InSAR results from
three different intervals between 1992 and 1999
showed that the caldera floor inflated by 2.7 m.
From 1992 to 1997, the inflation pattern was
nearly axisymmetric to the caldera centre: this
was modelled as due to the intrusion of magma
into a sill beneath the caldera, at 2 km of depth.
Between 1997 and 1998 the maximum uplift,
consisting of ~1.2 m of slip along a steeply
south-dipping normal fault, was centred on the
southern limb of a pre-existing intracaldera fault
system. The focus of inflation shifted back to the
caldera centre between 1998 and 1999, again
interpreted as magma filling a sill (Fig. 5.23;
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Fig. 5.22 a Application of the unloading model to
several calderas worldwide (listed to the bottom right).
The background colours represent the domain for the
predicted location of the intra-caldera, caldera rim, and
off-caldera vent locations as a function of the ratio
between the depth to the magma chamber z and the
caldera radius d/2, that is 2z/d, and the ratio between the
tectonic o7 and unloading stress oy, that is oi/ay.
Estimates for calderas in nature are represented by pie
plots according to the proportion of observed intra-

Amelung et al. 2000; Jonsson et al. 2005). GPS
data during 2000-2003 showed a deceleration in
the uplift rate, followed by a change to subsidence
of 9 cm/year. The deflationary source was mod-
elled as a contracting sill at a depth of 2.1 km,
similar to the inflationary source of the 1990s. In
April 2003, deformation of the caldera floor
reversed to inflation. The inflation rate gradually
increased throughout 2004 and into 2005, for a
total uplift of 89 cm, accompanied by 69 cm of
horizontal extension across the caldera. Inflation
was interrupted by an episode of inelastic trap-
door faulting, marked by a magnitude M4.6
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caldera, rim, or off-caldera vents, with the same colour
coding as the background. Uncertainties are shown as
black lines. The overall agreement (except for Crater Lake
and Santorini) between the predicted and observed vent
patterns suggests a broad control of unloading on shallow
magma transfer at calderas. b Examples of streamlines of
selected models with 2z/d = 0.4 and 2z/d = 1.4 and
variable o7/, which controls trajectory concavity
(modified after Rivalta et al. 2019)

earthquake on 16 April 2005. This produced
84 cm of uplift on the southern part of the caldera
and contraction of the cross-caldera line by
26 cm. Modelling results for this trapdoor fault-
ing suggest slip on a high angle inward dipping
reverse fault, extending from the surface down to
the sill at 2.2 km depth (Fig. 5.23).

The inflation rate was not affected by this
faulting event, approaching 1 cm/day. Parts of
the caldera uplifted of 1.22 m between the
faulting event and a successive M5.4 earthquake
on 22 October 2005, probably occurred again
along the faults in the southern part of the
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caldera. The static stress transfer induced by the
latter earthquake may have triggered tensile
failure and catalysed the onset of the eruption
three hours later (Gregg et al. 2018). The erup-
tion, responsible for a 13 km high steam and ash
plume, opened a fissure inside the north rim, on
the opposite side with regard to the location of
the M4.6 and M5.4 events, feeding a total erup-
tive volume of ~ 150 x 10° m®. From 1 April
2003 to 22 October 2005, at the eruption onset,
the precursory maximum uplift reached ~2.2 m,
bringing the total amount of uplift since 1992 to
nearly 5 m (Chadwick et al. 2006). Conversely,
during the 8 days of the eruption, the caldera
floor deflated ~5 m and the volcano contracted
horizontally ~ 6 m (Geist et al. 2008).

This eruptive unrest has been characterized by
the largest, although discontinuous, precursory
inflation (~5 m) ever recorded at a mafic cal-
dera. In addition, it shows two interesting fea-
tures. First, the eruptive vent was located on the
opposite side with regard to the most uplifted
area, where the earthquakes were also detected.
This is explained by the fact that the trapdoor
faulting due to the M4.6 and M5.4 earthquakes
relieved the pressure within the sill to the south,
at the same time inducing compression south of
the fault and inhibiting the lateral propagation of
the sill. As a result, the sill thickened on this side,
postponing any eruption. However, the faulting
also caused a radially directed tension on the
opposite side of the caldera, encouraging cir-
cumferential dike propagation at the northern
periphery of the sill, finally feeding the eruption
(Jonsson 2009). A second feature is the seismo-
genic reactivation of the reverse fault character-
izing the trapdoor uplift, during the M4.6 event.
This fault borders the southern and most uplifted
portion of the ~100 m high tilted resurgent
block of Sierra Negra. This pre-eruptive trapdoor
uplift may thus constitute an episode of growth
of the longer-term resurgence, similarly to what
observed at the nearby Alcedo caldera during the
2007-2011 non-eruptive inflation, where a fault
bordering the minor resurgent block was reacti-
vated (Galetto et al. 2019). The consistency in
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the shorter- and longer-term deformation pattern
at these mafic calderas supports the possibility
that resurgence results from cumulated and dis-
tinct unrest episodes.

5.10.2 Rabaul

Rabaul caldera (Papua New Guinea) is one of the
most active felsic calderas. It consists of a pair of
elongated nested collapse structures, the inner
being identified by focused seismicity along
high-angle outward dipping faults (Fig. 5.24).
Rabaul produced several caldera-forming erup-
tions: after the last, in AD 640, more than 8 intra-
caldera eruptions have been occurring. The last
three eruptions (1878, 1937-1941 and between
1994-Present) showed the simultaneous activity
of the Tavurvur (andesitic-dacitic) and Vulcan
(dacitic-andesitic) eruptive centres, lying on
opposite sides along the inner, active caldera
(Mori and McKee 1987; Nairn et al. 1995).
Rabaul experienced several unrest episodes,
culminating in an eruption sequence starting in
1994 (Fig. 5.24). Following two nearby M8
tectonic earthquakes in 1971, Rabaul experi-
enced progressive uplift and shallow seismicity
(less than 3 km of depth) along the inner ring-
fault. Between 1971 and 1983, thousands of
earthquakes were accompanied by a cumulative
uplift of 1 m. In 1983, both the seismicity and
uplift rate dramatically increased, possibly fol-
lowing a M7.6 regional earthquake 200 km to the
east. This phase lasted until July 1985 and was
characterized by several tens of thousands of
earthquakes and uplift of ~1 m. The 1983-1985
unrest phase has been interpreted as due to the
injection of mafic magma. From August 1985 to
April 1992 the seismicity and uplift rate signifi-
cantly decreased. From May 1992 to September
1994, the uplift and seismicity rate increased
again, although with a much lower rate than that
observed between 1983 and 1985. A burst of
seismicity occurred on Late August 1994, fol-
lowed by quiescence until September 18, when a
M35.1 earthquake occurred at a depth of 1.2 km in
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the eastern part of the caldera. After only 27 h of
sustained seismicity, 12 of which included low-
frequency events, the eruption begun on
September 19. Tavurvur, on the east rim, erupted
first, immediately preceded by an uplift of 1-
2 m. Approximately 1-1.5 h later Vulcan, fol-
lowing a localized uplift of 6 m also starting a
few hours before the eruption, erupted from at
least 4 vents. Several tsunamis were generated
during the onset of the eruption. Soon after the
eruption onset, the caldera deflated. The initial
part of the VEI 4 eruption was the most violent,
generating an ash cloud ~20 km high. Vulcan’s
eruption ended on 2 October, while the eruption
at Tavurvur, after peaking during the first five
days of activity, lasted until April. At the end of
October, the subsidence of the caldera reached
1 m in the central part and 20-30 cm along the
rim. Seismic activity along the caldera rim pro-
gressively decreased from the beginning of
October to the end of November. At least 5 other
explosive eruptive events, with VEI between 1
and 4, occurred from November 1995 to July
2010 (Johnson et al. 2010).

The 1971-1994 eruptive unrest at Rabaul
shows several interesting features. First, higher
seismicity and uplift between 1983 and 1985
were not immediately followed by any eruption,
while moderate seismicity and uplift occurring
between 1992 and 1994 culminated in a VEI 4
eruption. This behaviour may be understood
only by considering the second phase as a
continuation and dependent on the first: the first
primed the system and the second set off the
eruption (Acocella et al. 2015; Robertson and
Kilburn 2016). Second, in at least two cases, in
1971 and 1983, the unrest of the caldera, or its
intensification, occurred immediately after major
regional earthquakes, suggesting interactions
between tectonic events and a prepared mag-
matic reservoir. However, while Rabaul
responded to a M7 earthquake at a distance of
180 km with a pronounced earthquake swarm, it
did not produce any detectable activity in
response to a second M7 earthquake two months
later, at a distance of only 60 km (Johnson et al.
2010). Another remarkable feature is the simul-
taneous activation of two vents along opposite
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portions of the caldera ring fault. This feature
has been also demonstrated for the 4.3 ka Sol-
fatara and Averno eruptions at Campi Flegrei,
fed by two vents within the caldera erupting
products with different compositions (Pistolesi
et al. 2016).

5.10.3 Recent Caldera Collapses

In addition to eruptions, calderas experience
collapse episodes. Seven episodes of caldera
collapse have been observed and/or monitored in
the last decades: Fernandina (1968, Galapagos),
Pinatubo (1991, Philippines), Miyakejima (2000,
Japan), Dolomieu (2007, La Réunion), Bardar-
bunga (2014, Iceland), Axial Seamount (2015,
Juan de Fuca Ridge) and Kilauea (2018, Hawaii).
In addition, a more limited subsidence (2.5 m)
has been detected at Ambrym caldera (2018;
Vanuatu; Stix and Kobayashi 2008; Michon et al.
2011; Gudmundsson et al. 2016; Wilcox et al.
2016; Neal et al. 2019; Shreve et al. 2019). All
these episodes were related to eruptions,
although their size differed significantly, from
minor eruptions, as the VEI 1 eruption at Dolo-
mieu in 2007, to major eruptions, as the VEI 6
Pinatubo eruption in 1991. Also, with the
exception of Pinatubo, all these collapses
occurred with mafic magma. These episodes,
especially the best-monitored later ones, have
provided a wealth of valuable information to
better understand the mechanism of collapse and
its triggering factors.

As far as the mechanism of collapse is con-
cerned, geodetic and seismicity observations at
Miyakejima, Dolomieu, Bardarbunga and
Kilauea have revealed a common step-by-step,
incremental mode of collapse unfolding over
days, weeks or months (e.g. Michon et al. 2011;
Gudmundsson et al. 2016; Munekane et al. 2016;
Neal et al. 2019). This can be mechanically
described in simple terms by the vertical slip of a
cylindrical piston driven by gravity and resisted
by friction on the ring slip surface and by the
rebound force exerted by the compressible
magma onto the sliding piston (Kumagai et al.
2001). Both the 2007 Dolomieu and the 2018
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Kilauea collapse showed a reduction of the time-
interval between successive subsidence incre-
ments, which resulted from the acceleration of
magma withdrawal and a progressive weakening
of the edifice at the beginning of the sequence
(Duputel and Rivera 2019). Where the caldera
faults were not completely reactivated, because
of the lower amount of collapse, the seismicity
along the caldera ring faults was limited. This
was the case of Bardarbunga in 2014, where
caldera subsidence was largely aseismic, with
seismicity accounting for 10% or less of the
geodetic moment. Approximately 90% of the
seismic moment release occurred on the most
subsided northern rim, highlighting asymmetric
collapse (Agustdottir et al. 2019).

As for the triggering factors, with the excep-
tion of the largest felsic eruption occurring at the
summit of Pinatubo, all the remaining caldera
collapse episodes, including the subsidence at
Ambrym, were related to the withdrawal of the
magma chamber induced by the lateral migration
of dikes, eventually erupting outside the caldera.
In some cases, as at Bardarbunga in 2014 and
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Kilauea in 2018, the eruption occurred down-
slope along the rift zone, 40-50 km away. This
similarity among most collapse episodes high-
lights the importance of the lateral intrusion of
magma in generating collapse at mafic calderas,
even though the same process may show distinct
features, in terms of amount and mode of col-
lapse, distance of vents and eruptive activity
(Sigmundsson 2019). At Bardarbunga, observa-
tions highlight an exponential decline of the
magma flow rate at the eruption site at the tip of
the laterally propagating dike, coupled with the
exponential rate of volume change in the caldera,
consistently with theoretical predictions (see also
Sect. 4.6.3; Gudmundsson et al. 2016). The 2018
Kilauea collapse allowed clarifying in more
detail the possible conditions that trigger the
onset of collapse, as well as those controlling the
eruptive flow (Fig. 5.25). At Kilauea failure
began after less than 4% of magma was with-
drawn from a shallow reservoir beneath the
volcano’s summit. Also, several cubic kilometres
of magma were stored in the reservoir, and only a
fraction was withdrawn before the end of the
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Fig. 5.25 Kilauea Volcano (Hawaii, USA) and the 2018
eruption. a During the eruption, magma flowed for more
than 40 km underground subhorizontally from the sum-
mit (left) to the lower Eastern Rift Zone (ERZ) vents
(above). Schematic cross section (not to scale) showing
flow of magma from the summit to the lower ERZ
(below; modified after Anderson et al. 2019). b Digital
elevation models of Kilauea’s summit from 2009 (left)
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and 11 August 2018 (right), highlighting the collapse of
the caldera. The red and blue lines correspond to the
locations of the cross sections shown at the bottom. The
difference between the 2009 and 2018 profiles gives the
amount of subsidence that occurred almost entirely since
1 May 2018 (images courtesy of Kyle Anderson
and Christina Neal, USGS; modified after Neal et al.
2019)
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eruption. This indicates that, in presence of a
shallow reservoir, caldera formation may begin
after withdrawal of only small amounts of
magma, and may end well before source reser-
voirs are completely evacuated. In addition,
episodic fault-bounded subsidence of the roof
block above the reservoir increased magma
pressure, sustaining the lateral flow of magma.
Therefore, the collapsing block also drove out a
large volume of magma as it subsided. This
feature was supported by observations at the
main vent along the rift zone, which exhibited
cyclic eruption rates on long (tens of hours) time
scales, due to pressure-driven surges in magma
supply triggered by summit caldera collapse
events 40 km upslope. Such a connection
between the summit magma reservoir and the
flank eruption allowed the episodic nature of
summit collapses to be rapidly expressed as
changes in eruption vigour on the flank (Ander-
son et al. 2019; Patrick et al. 2019).

5.11 Summary

Calderas are the most active yet challenging type
of volcano. Caldera collapse may occur in very
different conditions, most commonly during lat-
eral intrusion of magma from mafic chambers
and less often following large explosive erup-
tions from felsic chambers. Even though several
differences exist in the collapse of mafic and
felsic calderas, the mechanism, structure and
evolutionary stages of collapse are the same and
depend upon the amount of subsidence s with
regard to the caldera diameter d, or the s/d ratio.
This ratio allows defining four stages of collapse,
with distinct deformation pattern, experienced by
calderas.

Calderas sometimes experience longer-term
uplift of their floor, or resurgence, which devel-
ops blocks or domes. Resurgence is the surface
expression of the repeated shallow emplacement
of new magma, unable to reach the surface and
erupt because of the relatively low-viscosity
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contrast with the residual magma. On the
shorter-term, caldera activity is often character-
ized by deformation, seismicity and degassing,
highlighting unrest, which usually results from
the shallow emplacement of magma. Comparison
between the shorter-term unrest and longer-term
resurgence suggests a connection, with resur-
gence likely resulting from the cumulative net
uplift produced by multiple unrest episodes.
Therefore, uplift during unrest at a resurgent
caldera may be the short-term expression of
resurgence.

The accumulated magma during resurgence
and unrest may be finally transferred, eventually
leading to eruption. For a given caldera diameter,
the amount of subsidence of the caldera, albeit
corrected for the presence of any infill, controls
the shallow propagation path of magma. In fact,
the mass removal due to the development of the
caldera depression determines the local unload-
ing stress. This, in addition to regional stresses
and magma buoyancy, explains the propagation
path of dikes and the distribution of eruptive
vents at several calderas, and may also allow
forecasting the location of future vents, as pro-
posed for Campi Flegrei and other calderas.
Nevertheless, the propagation of dikes feeding
caldera-forming eruptions, as associated with
magma with higher pressure and buoyancy, may
be less affected by the unloading stresses.

5.12 Main Symbols Used

A,  aspect ratio

d caldera diameter

L width of crust overlying the magma
chamber

M magnitude

s caldera subsidence

Z depth of crust overlying
chamber

01  maximum principal stress

03  minimum principal stress

maximum horizontal principal stress

minimum horizontal principal stress

the magma
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