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Calderas often inflate up to a few meters for weeks to years, which is evidence of
short-term unrest. Some calderas also show larger uplift (up to a thousand meters),
achieved over the long-term (hundreds to thousands of years), manifest by a resurgent
dome or block. How the short-term inflation relates to long-term resurgence is still poorly
understood, even though established views consider the two processes distinct. This
study exploits the longer deformation time series now available for several calderas,
as well as the better understanding of magmatic processes and their evolution, to
try to bridge the gap between these two scales of uplift. Available data challenge
established views, suggesting that resurgence, rather than being produced by constant
or continuous uplift, is the net cumulated result of tens to thousands distinct episodes
of inflation, even interrupted by deflation episodes, as observed on short-term unrest.
These inflation episodes are ascribed to distinct pulses of shallow magma emplacement,
with most of the magma remaining intruded, especially in felsic calderas. This supports
an incremental growth of magmatic systems, consistently with that observed below
resurgent calderas and what is inferred for plutons. Comparing the uplift (as expression
of the intrusive record) and eruptive histories or resurgent calderas opens new exciting
research paths to understand the causal relationships between intruded and erupted
magma at a given caldera, thus enhancing its long-term eruptive forecast.
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INTRODUCTION

Calderas are the surface expression of large and long-lived (up to a few Ma) magmatic systems,
produced by the repeated shallow accumulation of magma (Branney and Acocella, 2015). A distinct
feature is their frequent state of unrest (Newhall and Dzurisin, 1988), systematically shown at all
the monitored calderas from 1988 to 2014 (Acocella et al., 2015). Unrest is defined as a deviation of
seismicity, deformation, gas emission, and/or other geophysical and geochemical indicators from
normal baselines(s) to elevated activity, increasing the probability of eruption. Unrest is usually
interpreted as resulting from shallow magma emplacement, even though the pressurization of
any hydrothermal system or any remote triggering of far-field (regional) earthquakes may also
contribute (Newhall and Dzurisin, 1988). Whatever the nature, many unrest episodes at calderas
do not culminate in eruptions, this being a distinctive feature compared to other types of volcanoes
(Phillipson et al., 2013; Acocella et al., 2015).

Unrest at calderas may last from weeks to years or decades, with some calderas (Yellowstone,
Wyoming; Kilauea, Hawaii; Campi Flegrei, Italy; and Aira, Japan) being restless for a hundred years
(Dvorak and Dzurisin, 1997). Among the various parameters highlighting unrest, deformation
is widely used, as it can be easily detected, also remotely (as from space), its rate can be
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easily quantified, and its spatial extent promptly visualized. Most
unrest episodes at calderas are characterized by inflation of cm/yr,
even though rates may reach m/yr. A few calderas also experience
deflation, as observed at Askja (Iceland) or Aso (Japan). Over
decades to centuries, calderas experience several unrest episodes,
with variable deformation pattern, given by repeated episodes of
inflation, deflation, or stasis, largely regardless of any eruption
(Newhall and Dzurisin, 1988; Acocella et al., 2015). However,
some calderas also show more regular patterns, as continuous
subsidence or uplift, the latter interrupted only by co-eruptive
deflation (as Fernandina, Galapagos, or Axial Seamount, Juan de
Fuca Ridge; Bagnardi and Amelung, 2012; Wilcock et al., 2016).

Some calderas, mainly those with a felsic magma composition,
show a stronger and longer-term uplift, highlighting resurgence.
Resurgence consists of the uplift of up to ~1 km of the
caldera floor over hundreds to thousands of years (Galetto
et al., 2017, and references therein). The duration and uplift
rate of resurgence are usually poorly constrained, being at best
geologically inferred with a total amount of uplift over a given
estimated period (often tens of thousands of years), which may
be longer than that of effective uplift. In a very few resurgent
calderas (Campi Flegrei; Toba, Sumatra; Siwi, Vanuatu; and Iwo-
Jima, Japan) more detailed information on the evolution of the
vertical deformation highlights discontinuous phases of uplift,
even alternated with subsidence episodes (Chen et al., 1995; De
Silva et al., 2015; Marturano et al., 2018).

Therefore, available monitoring data allow quantification of
shorter-term inflation episodes, representing specific incremental
events during the life of a caldera, while geological data allow
detection of a longer-term uplift, or resurgence. However,
bridging the gap between these shorter-and longer-term
uplifts, that means also finding any relationship between their
responsible processes, is not straightforward and has often
puzzled the volcanological community (e.g., Galetto et al,
2017, and references therein). In fact, resurgence has been
often assumed to result from a continuous, even though not
necessarily constant, uplift, related to a single or continuous
supply of magma (e.g., Marsh, 1984; Kennedy et al., 2012; De
Silva et al., 2015). How does this possibility reconcile with the
much more discontinuous short-term behavior, characterized
even by deflation, observed at several calderas in the last decades?
Do we have to consider resurgence as a unique process which
can be directly observed only at any presently continuously
inflating caldera, detached in mechanisms, scales and variables
from unrest (De Silva et al., 2015)? Or, conversely, do we have to
consider resurgence as related to the more commonly observed
complex behavior (including inflation, stasis and deflation)
currently shown by restless resurgent calderas?

Here the possible relations between caldera inflation and
resurgence are considered, in to propose an original working
hypothesis trying to explain how magma emplaces below
calderas. This working hypothesis benefits from both the
increase in knowledge on the evolution of resurgent calderas,
as well as from the longer monitoring time-series available on
restless calderas, at times significantly enlarged by geological or
archeological evidence (e.g., Newhall and Dzurisin, 1988; Chen
etal., 1995; Di Vito et al., 2016).

VERTICAL DISPLACEMENT AT
RESURGENT CALDERAS

In order to relate the shorter-term deformation behavior
of resurgent calderas to their longer-term one, here I
review available data.

As far as the shorter-term is concerned, active resurgent
calderas often experience unrest, accompanied with vertical
deformation; an overview is given in Newhall and Dzurisin
(1988) and Acocella et al. (2015). Here I briefly describe all
the monitored cases of resurgent calderas experiencing unrest,
considering: (a) the availability of sufficiently long deformation
time series; (b) the caldera composition (felsic or mafic). As for
long-lasting time series, a few resurgent calderas (Campi Flegrei
and Yellowstone) have been monitored for nearly a century
and thus provide ideal cases. However, for a few other calderas,
high resolution deformation time series spanning the last two
or three decades are also available, providing a shorter but still
valuable dataset. These resurgent calderas are felsic (Ischia, Italy;
Long Valley, California; and Iwo Jima, Japan; Hill, 2006; Manzo
et al,, 2006; Ukawa et al., 2006; Ueda et al., 2018) or mafic
(Sierra Negra and Alcedo; Galapagos) (Galetto et al., 2019, and
references therein).

The deformation history of all the resurgent calderas satisfying
points (a) and (b) is shown in Figure 1 and described below. The
recent deformation on the top of the Campi Flegrei resurgent
dome displays both major (rates of m/yr, as in the ‘80s) and
minor (rates of cm/yr, as presently observed) episodes of inflation
(Figure 1A; Acocella et al., 2015); these are interrupted by periods
without deformation, or with subsidence. Such a behavior is
qualitatively very similar to the one reconstructed in the last
2 ka, with several uplift, stasis and subsidence periods (Di
Vito et al, 2016). A similar behavior, even though with less
deformation, is shown by Yellowstone. Here the Sour Creek
resurgent dome has been showing, in the last century, minor
episodes (rates of cm/yr) of alternated uplift and subsidence
(Figure 1B; Chang et al., 2007). On a shorter time span, in the
last decades the northern, previously most uplifted portion of the
resurgent block at Ischia has been experiencing continuous and
constant subsidence (Figure 1C; Manzo et al., 2006), suggesting
the ending of resurgence (Selva et al., 2019). Also in the last
decades, Long Valley caldera underwent an overall uplift, even
though accompanied with smaller periods of stasis, or minor
subsidence (Figure 1D; Hill, 2006). In a very similar fashion, from
the late 70s Iwo-Jima underwent episodic uplift, accompanied
with periods of stasis or minor subsidence (Figure 1E; Ueda
et al, 2018). As for mafic resurgent calderas, Sierra Negra
has been showing, on a slightly shorter time-span, episodes of
major and minor uplift, also separated by sudden sin-eruptive
subsidence (Figure 1F; Chadwick et al., 2006). Finally, the mafic
Alcedo caldera has been showing episodes of minor uplift and
subsidence, the most recent of the latter due to the lateral
migration of a sill formed by the previously emplaced magma
(Figure 1G; Bagnardi, 2014).

In summary, the deformation curves of these resurgent
calderas are all consistent with a complex behavior given by
periods with variable duration of major or minor deformation
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FIGURE 1 | Available curves of vertical deformation (specified on the Y-axis if in m or cm; except case j) through time during unrest episodes or resurgence at
several calderas. (A-G) short-term vertical displacement of monitored felsic (A-E) and mafic (F,G) resurgent calderas experiencing unrest. (H-K) Available curves of
variation in the long-term vertical displacement of felsic resurgent calderas; in the Campi Flegrei case (H) the eruptive periods (orange bands) and cumulative erupted
products (orange curve) are included. See text for references.
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(incremental behavior) responsible for an overall net uplift, even
though subsidence episodes occur as a consequence of degassing,
lateral magma transfer, or eruptions; in particular, below
resurgent calderas lateral magma transfer, preferably through
sills, is important to move mafic and, possibly, felsic magma
outside the less permeable region of resurgence, eventually
feeding distal eruptions (e.g., Galetto et al., 2017; Kennedy et al.,
2018). In all the cases of Figure 1, the most important uplift
episodes have been systematically interpreted as resulting from
the shallow emplacement of mafic or felsic magma (Chadwick
et al., 2006; Dzurisin et al., 2012; Amoruso et al., 2014; D’Auria
et al,, 2015; Galetto et al., 2019), suggesting a similarity with the
causes leading to their longer-term resurgence.

Obtaining information on the evolution of the longer-term
deformation of resurgent calderas is more challenging and, so
far, the only known cases are Iwo-Jima, Campi Flegrei, Toba and
Siwi (Newhall and Dzurisin, 1988, and references therein; Chen
et al., 1995; De Silva et al., 2015; Marturano et al., 2018). These
resurgences are characterized by very different durations (from
<1 to 70 ka) and frequency of the measures constraining the
vertical deformation (black dots in the diagrams; from hundreds
of years to tens of thousands of years). The resurgent dome of
Campi Flegrei shows uplift alternated with subsidence. While
net uplift dominates, the temporary subsidence may be still
significant at times, on the order of several tens of m (Figure 1H;
Marturano et al., 2018). In addition, eruptive activity has been
quite continuous and with similar rates after the last caldera
forming eruption at 15 ka (Figure 1H; Smith et al, 2011),
implying that here caldera formation did not significantly affect
the rate of volcanism. Toba shows an apparently continuous,
albeit not constant, uplift (Figure 1I; De Silva et al,, 2015).
As this curve has been built on only four measurements, one
cannot exclude that any period of no deformation, or even
subsidence (as observed for Campi Flegrei), occurred in between.
A similar behavior is shown by Siwi and Iwo-Jima, where the
available points describe incremental uplift phases interrupted by
stases (Figures 1J,K; Chen et al., 1995) and minor subsidence
(Figure 1K; Newhall and Dzurisin, 1988). Again, the frequency
of the available points does not allow one to exclude the existence
of any interruption in the uplift further marked by subsidence.

BRIDGING THE GAP

On the short-term, the considered resurgent calderas show that
unrest is characterized by uplift and subsidence periods, with
the former dominating and indicating net uplift, independently
of the caldera composition. On the long-term, the evolution
of resurgence also appears dominated by net uplift, with
subsidence episodes detected in two cases (Campi Flegrei
and Iwo-Jima) and stases in two cases (Toba and Siwi); the
identification of any subsidence episode at Toba and Siwi may be
hindered by the poor frequency of the available measurements.
However, as all the investigated active resurgences on the
shorter-term systematically include stasis or subsidence periods
between episodes of uplift, also on time spans of up to 2 ka
(Campi Flegrei), it is reasonable to assume that resurgence

may also follow a similar behavior, with uplift being frequently
interrupted by stasis or subsidence episodes. Indeed, the currently
observed unrest episodes should be considered as instantaneous
frames of a much longer process, where only the cumulative
effect may be known.

Overall, these data suggest that resurgence is not the result of a
constant, and not even continuous, uplift process detached from
unrest (Figures 2A,B). Rather, the vertical deformation during
resurgence should be seen as a sequence of different episodes
of uplift, repose, subsidence, each of very different duration, in
which net uplift predominates on the longer-term (Figure 2C).
Such a discontinuous uplift history also explains the apparent
discrepancy between the inferred lower rates of uplift during
resurgence and the measured higher rates during unrest (De
Silva et al,, 2015). Consistently with what is understood on the
shorter-term (unrest), where caldera inflation commonly results
from magma emplacement, each uplift episode during resurgence
should be interpreted as due to an episode of magma intrusion,
relaxing the importance of any hydrothermal contribute.

This new perspective on the development of resurgence has
several implications.

First, resurgence should be interpreted as resulting from a
complex evolution of a magmatic system, in which repeated
episodes of shallow magma emplacement responsible for uplift
predominate over possible episodes of subsidence. In fact,
each episode of intrusion may be followed by a stage of
lateral propagation (testified by subsidence in the caldera
center; Kennedy et al, 2018), quiescence (testified by a
stasis in the deformation), degassing and crystallization (both
testified by continuous subsidence), eruption (testified by abrupt
subsidence), or a new episode of intrusion (testified by a
different uplift rate) (Figure 2C). This supports an overall
incremental growth of the magmatic system, consistently with
what observed below eroded resurgent calderas or through drill-
holes, where the shallow plumbing system consists of stacked
sills/laccoliths inferred to have driven resurgence (Fridrich et al.,
1991; McConnell et al., 1995; DuBray and Pallister, 1999;
Kawakami et al., 2007; Kennedy et al., 2015; Hildreth et al., 2017).
Such an incremental growth of the magmatic system during
resurgence is also consistent with that inferred for large felsic
volcanic fields (such as the Laguna del Maule, Chile; Singer
et al, 2018) and for the growth of plutonic bodies (Glazner
et al, 2004; De Saint Blanquat et al., 2011; Coleman et al,
2016), confirming that volcanic and plutonic processes may be
characterized by similar rates (De Saint Blanquat et al., 2006).
Likely, each episode of inflation would be characterized by the
emplacement and growth of a tabular (sill-like) intrusion, which
may eventually inflate and develop laccoliths, as commonly
observed at exposed plutons or geophysically imaged/detected
below volcanoes (e.g., Bai and Greenhalgh, 2005; Brown, 2013,
and references therein). A magmatic system is not necessarily
fed by the same intrusion rates or volumes: in fact, magma may
emplace suddenly, with higher rates (major unrest episodes), or
slowly, with a much smoother build-up (minor unrest episodes),
and with very different volumes.

As a consequence of this complex evolution, the real duration
of resurgence cannot be established based on the time frame given
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FIGURE 2 | (A-C) Possible evolutionary models for resurgence. The incremental discontinuous storage model is more consistent with available short-term
monitoring data: here net uplift is interrupted by stasis (quiescence) or even subsidence, due to crystallization/degassing, eruptions or lateral intrusions. (D-E)
Possible relationships between uplift (as resulting from magma intrusion) and eruptive activity (eruptive epochs are highlighted by orange bands) during resurgence.
The case of Campi Flegrei (Figure 1H) highlights a correlation between magma intrusion and eruption; however, most resurgent calderas would show an
anti-correlation, or simply a non-correlation (Galetto et al., 2017).

by the availability of monitoring data alone. A given resurgence
may in fact be characterized by a decade- or century-long
subsidence, without necessarily implying the ending of the
resurgence process. Only geologic data referring to a much longer
time frame may allow evaluating the prevalence of uplift or
subsidence, and thus the duration of resurgence. This implies that
resurgence may in principle last as long as the caldera experiences
unrest with some net uplift, virtually until the magmatic system
of the caldera remains active.

Second, the proposed perspective also has implications to
define the capacity of volcanoes to store or erupt magma,
with consequences in forecasting their longer-term eruptive
hazard. This process is introduced by Figure 1H, where the
variations in the vertical deformation accompanying resurgence
at Campi Flegrei are shown against the three post-caldera
collapse eruptive epochs (orange bars) and, more importantly,
against the cumulative erupted volumes (Smith et al., 2011 and
references therein). The comparison shows a broad correlation
between periods of resurgent uplift and volume of erupted
products, suggesting that the magma responsible for uplift
during resurgence was also partly erupted. However, Campi
Flegrei shows an end-member type of resurgence, in which
the intruded magma is usually able to reach the surface,
erupting; this is testified by the fact that the volume of the
resurgence is less than that of the erupted volume; a similar
behavior is shown by Long Valley (Galetto et al.,, 2017). This

feature is quite uncommon, as most resurgent calderas are
characterized by resurgence volumes much higher than the
erupted volumes, indicating that most of the intruded magma
is not erupted: notable examples include Ischia and Valles
(New Mexico; Galetto et al., 2017). Therefore, the relationship
between the amount of uplift and erupted volumes observed
at Campi Flegrei should not hold for most resurgent calderas.
This feature is currently difficult to test in detail for other
resurgent calderas, because of the general lack of information
on the uplift rates during resurgence. Still, future research
should be devoted at better defining and understanding the
relationships between the magma intruded (as suggested by
the uplift rates) and the magma erupted through time during
resurgence. It is possible that a resurgent caldera behaves like
Campi Flegrei (uplift periods coinciding with eruptive periods;
Figure 2D) or, conversely, that the uplift is anti-correlated
to eruptions (Figure 2E), indicating that the stored magma
cannot be erupted (Galetto et al., 2017); intermediate behaviors,
denoting non-correlations, may also occur (Figure 2F). Other
conditions being similar (including the magmatic supply), it
may be expected that an uplift correlated with eruptions is
smaller than an anti-correlated one, because of the smaller
amount of magma remaining intruded. A further problem to
test is whether the correlation or anti-correlation between uplift
and erupted volumes depend upon the composition of the
intruded magma, with mafic magma being more easily erupted
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and thus promoting a correlated behavior (Figure 2D) and
felsic magmas mainly promoting an anti-correlated behavior
(Figure 2E). Whatever the specific pattern, defining the detailed
time distribution of intruded and extruded volumes, as well
as any causal relationship, at a specific resurgent caldera may
open new exciting perspectives in forecasting eruptions on the
long-term, once the recent intrusive history is reconstructed. This
becomes particularly useful as the possibility to have an eruption
may not only depend on the features of the ongoing unrest,
but also on those of any previous unrest episode(s), which may
have already loaded the system to its limit of storing magma
(Acocella et al., 2015).

CONCLUSION

This overview challenges established views on resurgence, which
consider it detached from unrest. Rather, available data suggest
that resurgence results from the net uplift produced by repeated
(tens to thousands) episodes of magma intrusions, similarly
to those currently monitored at any resurgent caldera on
a shorter-term. These repeated intrusions can be separated
by quiescence or subsidence, the latter driven by magma
crystallization, degassing, eruption or lateral intrusion. This
perspective suggests an incremental growth of magma reservoirs,
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similar to what has been observed or drilled below resurgent
calderas and what has been inferred for plutons, more complex
than previously inferred. As the real duration of resurgence
extends beyond any monitored period, it can be appreciated
only with geologic data. This perspective opens new exciting
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