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Caldera resurgence driven by magma viscosity
contrasts

Federico Galetto® !, Valerio Acocella' & Luca Caricchi® 2

Calderas are impressive volcanic depressions commonly produced by major eruptions.
Equally impressive is the uplift of the caldera floor that may follow, dubbed caldera resur-
gence, resulting from magma accumulation and accompanied by minor eruptions. Why
magma accumulates, driving resurgence instead of feeding large eruptions, is one of the least
understood processes in volcanology. Here we use thermal and experimental models to
define the conditions promoting resurgence. Thermal modelling suggests that a magma
reservoir develops a growing transition zone with relatively low viscosity contrast with
respect to any newly injected magma. Experiments show that this viscosity contrast provides
a rheological barrier, impeding the propagation through dikes of the new injected magma,
which stagnates and promotes resurgence. In explaining resurgence and its related features,
we provide the theoretical background to account for the transition from magma eruption to
accumulation, which is essential not only to develop resurgence, but also large magma

reservoirs.
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alderas are subcircular depressions forming during the

partial evacuation of magma reservoirs and usually asso-

ciated with large eruptions. Several calderas are char-
acterised by the uplift, or resurgence, of their sunken floor. This
inversion of the negative topography of a caldera consists of the
largest and amongst the most protracted types of volcanic
deformation, ranging from a few hundreds to a thousand metres
and lasting several thousands of years (Table 1). Only the pre-
caldera tumescence stage of some magmatic systems may last as
long (up to tens of thousands of years), though with lower
amount of uplift’.

While many studies have investigated and explained the causes
of caldera collapse'®~2!, the processes controlling caldera uplift,
or resurgence, have been rarely investigated. Current models
commonly relate resurgence to the input of new magma'>??,
possibly stimulated by the pressure drop following a caldera-
forming eruption?®>. However, the onset of resurgence, when
better constrained, occurs up to a few tens of ka after caldera
collapse (Table 1), showing that resurgence does not immediately
follow caldera formation. This suggests a temporal decoupling
between caldera collapse and resurgence and that the magma
intruded responsible for resurgence should not be the residual
magma left in the reservoir after collapse; rather, the injection of
new magma is expected to drive resurgence. Renewed magma
injection may occur either into the former magma
reservoir'®22-2%, and/or as shallower sills or laccoliths within the
altered intracaldera deposits’2%~2°

A crucial point is that there has not been any attempt to
explain why the newly intruded magma largely stagnates at depth,
promoting the resurgence, rather than reaching the surface. In
fact, syn-resurgence eruptions, when present, usually cluster
outside or along the border of the resurgent area (e.g., Toba,
Ischia, Valles and Siwi; Fig. 1) and are commonly sporadic and of
small volume. Conversely, the intruded magmatic volumes are
usually much higher, as suggested by the volume of the uplifted
crust (Table 1), even though this estimate may be affected by a
volatile (e.g., bubbles) component, magma compressibility and
crustal visco-elastic behaviour®3!,

Another important feature is that the mechanical energy
required to uplift the crust during resurgence is similar to that
which may be dissipated during a medium-sized eruption®2. The
fact that magma does not usually erupt in significant volume
within the uplifting area during resurgence implies that the
available magmatic energy is largely dissipated through uplift,
rather than eruptions. All these features support an unexplained

abrupt increase in the intrusive/eruptive ratio during resurgence.
Thus, the enigmatic and elusive problem remains the under-
standing of the factors that, after a caldera-forming eruption,
despite any increase of fracture density in and around the caldera
floor, impede the magma driving the resurgence to erupt.

Notwithstanding the lack of models to explain the causes, some
commonalities emerge among resurgent systems, listed below
(Table 1). All resurgences are observed within caldera systems
experiencing the input of new magma, confirming that resur-
gence postdates caldera collapse; with the exception of a few
medium-sized calderas (e.g., Pantelleria, Ischia; Italy), resurgence
is commonly observed in large systems with diameter of tens of
km?>%%; these calderas are usually characterised by the highest
amount of degassing, associated with new magmatic input,
though non-resurgent calderas may also degas significantly (as
Furnas, Azores; Supplementary Table 1, and references therein);
with the exception of the mafic Siwi (Vanuatu) and Sierra Negra
(Galapagos) calderas, resurgence occurs in felsic magmatic sys-
tems, suggesting a link with magma chemistry>>?%; resurgence
usually starts between very few and tens of ka after caldera col-
lapse, but in several cases this interval is poorly constrained
(Table 1); resurgence is accompanied by minor regional extension
(Table 1), even though not all calderas experiencing minor
regional extension develop resurgence. Therefore, while the only
necessary condition is that resurgence postdates the formation of
a caldera when new magma is injected in the system, none of the
common features mentioned above appears sufficient alone to
lead to resurgence.

Here we test the possibility that following a caldera collapse the
non-erupted magma left into the magmatic system may act as a
rheological barrier preventing the eruption of newly injected
magma and promoting uplift. The progressive crystallisation of
the magma left within the reservoir may lead to a shift from
magma eruption to intrusion. This may significantly affect the
evolution of a volcanic system, triggering the uplift associated
with caldera resurgence and/or developing large magma reser-
voirs. To test the hypothesis that a rheological barrier prevents
the eruption of most of the newly injected magma and promotes
caldera resurgence, we perform thermal modelling to capture the
temporal evolution of the physical properties of magma in
growing reservoirs. The term magma reservoir is here used in the
broadest sense, without implication of configuration, depth or
magma distribution. On the base of these results, we design
experiments to simulate magma injection with rescaled properties
similar to those obtained from thermal modelling.

Table 1 Main features of resurgences at active calderas
Name Ac Ar Uplift Vr Vv (km3) Type T (ka) tr(ka) Composition Supply Reg.ext. T

km?  km?»  @m) (km3) (mmyr™")
Ischia’> 46 ~20 ~1000 9+2 <1 B 22+5 <33 T yes <2
Pantelleria®® 42 7 ~350 15+03 05+02 B 27 <18 T, R yes <2
Campi Flegrei®®  -200 -30 ~250 3405 4405 D <4 <15 T yes <2
Long Valley’:® 450 ~80 >400 ~15 (<100) D,G (100) (80) R, Da yes 0.6
Valles®© 283 65 >1000 32+5 <5 D,G (<40) 27+27 RRD yes <4
Yellowstone 2500 214 ? >27 0 D,G (<84) (<123+ R yes <4.3
sc'l1,12 9)
Yellowstone 2500 164 ? 20+7 (<600) D,G ~440 R yes <43
MLHJZ
Toba'3'4 2350 950 700 320+ 20+5 D,G -40 33.7 R, Da yes 0

30

Siwi'>10 36 18 >250 45+1 05+03 D,G (<18) (2 Ba, TA yes >0
Iwo-Jima'”18 63 17 >120 >15 0 D (>2) <08 TA inferred <2
Ac area of caldera, Ar area of resurgence, Vr volume of resurgence, Vv DRE volume of syn-resurgence volcanism, t time between caldera collapse and resurgence, tr duration of resurgence, Supply
evidence of new magma supply, Reg. ext. rates of regional extension, B block, D dome, G graben, T trachyte, R rhyolite, Da Dacite, RD rhyodacite, Ba basalt; TA trachyandesite
Values in () are poorly constrained and may not be representative
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Fig. 1 Examples of resurgent calderas in nature. Representative resurgences at Toba (a Sumatra, Indonesia), Siwi (b Tanna, Vanuatu), Valles (¢ New
Mexico) and Ischia (d Italy), highlighting the outline of the caldera, the extent of the resurgence and the location of syn-resurgence vents (including the

inferred ones; see Table 1 for references)

Results

Thermal models. The temporal evolution of magma viscosity as a
function of temperature, residual melt composition, water con-
tent and crystal content is calculated combining thermal model-
ling results and existing rheological models*>~3>. Thermal models
are performed considering a spherical magma reservoir with
maximum volume of 1000 km?, assembled by continuous injec-
tion of andesitic-dacitic, water saturated, magma at 1000 °C,
at rates between 107! and 102km?yr~! at depth of 6-8 km
(confining pressure of 200 MPa) and geothermal gradient of
30°Ckm™! (refs. 3430). The distribution of temperature within
the magma reservoir is calculated from the onset of magma
injection to the moment at which all the magma cools below
solidus temperature.

Magma injection is accompanied by cooling at the contact with
the wall rock, which develops a crystallisation front, or transition
zone, with decreasing crystallinity and viscosity toward the inner
portion of the magma reservoir’’. This rheological gradient
develops from the very beginning of the intrusion and continues
for any rate of heat advection lower than the rate of heat diffusion
into the wall rock. Therefore, the associated transition zone
develops in magma bodies of any geometry both during the
construction phase (magma injection) and the pauses in magma
injection. Hence, a transition zone is present at all times during
the construction of magmatic systems of any shape. In shallower
intrusions, such as sills and laccoliths embedded within the
altered intracaldera tuffs”>6=2, the rate of magma crystallisation
and development of a transition zone will always be faster than
those calculated in our models. Within the transition zone,
magma viscosity increases more than 10 orders of magnitude
(typically with viscosity 7 between 10% and 10!° Pas) (Fig. 2a).
The difference in viscosity between the inner portion of this
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transition zone in the magma reservoir (defined by a viscosity of
10%-10% Pa's) and any newly injected mafma in the post-caldera
phase, even if mafic (viscosity of 10'-10% Pas), is limited. These
low viscosity contrasts between injected and resident magma
inhibit dike propagation through the resident magma®®*° and
therefore the rise and eruption of newly injected magma during
the post-caldera period. The inner part of the transition zone
represents an impediment to the propagation of dikes through the
magma reservoir, even though its effective role in arresting dikes
depends upon its thickness. As a consequence, the growth of the
transition zone should be quantified to address its capacity to
promote dike arrest and thus the transition from eruption to
intrusion. Our models show that the transition zone thickens at
the highest rates during the early stage of magma reservoir
assembly, when the growth of the reservoir exposes the magma to
the contact with colder wall rocksvolume ratio is maximum/
volume ratio is maximum (Fig. 2b, ¢). The transition zone
becomes then progressively thicker during the injection, devel-
oping to several hundreds of metres after the injection of
1000 km? of magma (Fig. 2b, c). The rate of thickening increases,
as expected, once magma injection comes to an end (Fig. 2b, c).
Here the end of magma injection simulates the possibility that,
after caldera collapse, the magma reservoir may not be
replenished, or not regularly fed, as for example suggested at
Ischia and Pantelleria®*?. The thickness of the transition zone
increases with increasing volume of the reservoir, with decreasing
rate of magma injection and with time from the end of magma
injection (Fig. 2b, ¢).

The thicknesses of the transition zones as a function of time
reported in Fig. 2 are absolute minimum estimates, for the
following reasons. First, the spherical geometry of the model
reduces the rate of heat release with respect to geometries with
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Fig. 2 Thermal models. Results of thermal models showing the variation of the temperature and magma viscosity (o) along the reservoir thickness. a The
continuous and dashed lines provide the variation of magma viscosity from the top to the core of the reservoir for magma injection rates of 0.01 and
0.1km3yr™, respectively. The magma viscosity takes into account the effect of crystals on magma viscosity. The numbers next to the lines indicate the
temperature in degrees centigrade for the corresponding value of magma viscosity. Black dashed lines represent boundaries of transition zone (T. z.).
b, ¢ Temporal evolution of the thickness of the transition zone (t.z. in a) in the magma reservoir for magma injection rates of 0.01km3yr~" (b) and 0.1km?3
yr~1 (). Dashed lines refer to the minimum and maximum values of the transition zone (the upper limit considers a magma viscosity range of 104-10'> Pa's,

while the lower limit is for a magma viscosity range of 104-10° Pas)

larger surface to volume ratios: this becomes particularly relevant
for tabular reservoirs (sills or laccoliths), especially during the
early stages of intrusion. Second, our simulations refer to
relatively deep magma reservoirs (6-8 km of depth); as a result,
the development of the transition zone in shallower reservoirs will
be enhanced (i.e., faster); this also implies that our models may be
applied to both magma chambers and shallower intrusions within
the intracaldera fill. Third, the heat (i.e., magma) extracted by any
eruption is not taken into account. Fourth, relatively high
injection temperature with respect to the liquidus temperature of
water-saturated andesitic-dacitic magmas is selected here®. Fifth,
in case of a caldera-forming eruption, evacuation of a significant
amount of the eruptible magma (i.e., crystallinity <50 vol.%)!
may lead to the merging of the remaining non-eruptible
magmatic mush, leading to the formation of a single transition
zone, approximately two times thicker than the values calculated
with our models (Fig. 2). Thus, while a minimum thickness of the
inner part of the transition zone resulting from a caldera-forming
eruption is of the order of hundreds of metres, a more realistic
estimate could be of the order of ~1 km.

We perform additional heat balance calculations to estimate
the thermal stability of the transition zone as a function of the
magma injection rate (Fig. 3a) and volume (Fig. 3b). For these
calculations, we consider the injection of a hot (1200 °C) magma
at the base of the transition zone; this temperature was chosen to
simulate the injection of mafic magma. The results show
that magma supply at injection rates typical of resurgence
(1074-1072 km? yr~!) does not provide sufficient heat to lead to
the remelting of a ~500 m thick transition zone (Fig. 3). This
thickness may be a minimum estimate, as magma accumulation
before large eruptions may last for periods that are longer with
respect to those simulated in our thermal models***!. Thus, a
thick partially crystallised magma (transition zone) may provide
an efficient barrier to inhibit dike propagation and promote
magma accumulation. In Fig. 3a, we also report the available
surface heat flow and injection rates from resurgences at active
calderas. Even though the surface heat flow represents a
minimum estimate of the heat released by the associated magma

4

|8:1750

reservoirs, the resurgences mostly lie on the region of thickening
of the transition zone. The onlsy exception is Siwi, whose data are,
however, poorly constrained!”. These data collected for natural
system undergoing resurgence show that, thermally, the transi-
tion zone can operate as an effective barrier to magma ascent,
promoting storage over eruption and leading to resurgence. It is
noteworthy that in our calculations we consider only heat lost by
conduction from the roof. More plausible scenarios involving, for
instance, the extraction of heat by fluids circulating around the
magma reservoir would accelerate cooling and further favour the
thickening of the transition zone.

Analogue models. To test the effectiveness of the transition zone
in preventing dike propagation and eruption, we performed
experiments using analogue materials. In one set of experiments,
vegetable oil (viscosity of 1072 Pa's) was injected in a sand pack.
In another set, we added a horizontal ~1.5 mm-thick silicone
layer (viscosity of 10%Pas) at different depths within the sand
layers to observe the effect of partially crystallised magma
(transition zone) on dike propagation. The thickness of the sili-
cone layer was selected to correspond to ~100 m in nature, on the
lower bound of the thickness of the inner portion of the transition
zone obtained from thermal modelling (Fig. 2). The viscosity ratio
between silicone and vegetable oil (10°) was chosen to provide the
highest possible contrast of viscosity between resident dacitic
magma and injected basalt, therefore offering the least favourable
conditions to arrest magma propagation’®. The vegetable oil was
injected at a mean velocity of ~I ms~! to prevent any solidifi-
cation® (Supplementary Table 2).

Without the silicone layer, the vegetable oil reaches the surface
of the model and erupts, as expected from theoretical calculations
showing that dike propagation is favoured by relatively high
viscosity contrasts between magma and host rock®3, Injection and
eruption are accompanied by minor vertical (~0.7 mm) and
horizontal (~0.7 mm) deformation at the surface (Fig. 4a-d).
Conversely, the injection of vegetable oil 1 cm below the silicone
layer (the latter at 1.5cm of depth) leads to doming, the
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Fig. 3 Thermal stability of the transition zone. Thermal stability of the transition zone in a replenished magma reservoir. a Minimum rate of magma
injection required for remelting the transition layer as a function of the roof area of cylindrical reservoirs. The lines show different rates of heat loss per unit
area. For lower injection rates, the heat loss is larger than the heat input and the transition layer thickens; for higher injection rates, the transition layer
thins. The lines also show the time required for the remelting a transition zone with different thickness (in brackets). Superimposed are the available
injection rates and areas of the roof of the magmatic systems from resurgences, with the corresponding errors (which represent the uncertainty of the
data); their colours indicate the estimated surface heat flow (black indicates lack of information): | Ischia®243, P Pantelleria®44, CF Campi Flegrei45'46, S
Siwi'®, V Valles3#7, LV Long Valley”*8, Y Yellowstone'"*°, T Toba'>. b Volume of magma required for remelting transition layers of different thickness

(colour lines) as a function of the roof area of cylindrical reservoirs

formation of an apical depression bordered by normal faults, and
a peripheral subcircular scarp. Eventually, the vegetable oil
extrudes along part of this scarp (Fig. 4e-h). Similar behaviour is
observed in the experiment with deeper injection (1 cm below the
silicone layer, which lies at 6 cm of depth; Fig. 4i-1), in which the
oil cannot pierce through the silicone and eventually rises at the
edge of the silicone layer. These experiments indicate that the role
of the rheological barrier is depth-independent, at least for the
simulated depths of few kilometres. Nevertheless, the amount of
deformation, as expressed by the uplift at the surface, remains
depth-dependent.

These structures develop in all the experiments performed in
presence of the silicone layer, and are broadly consistent with
previous studies describing or simulating resurgence®>? and sill
emplacement®>4, including saucer shaped sills®>. Importantly, all
these structures are also remarkably similar to those observed in
resurgences in nature (Valles, Long Valley, Yellowstone, Ischia
and Siwi resurgences, Table 1 and Fig. 1).

In the experiments, the silicone layer, having the viscosity
suggested by the thermal models, acts as a seal that prevents the
vegetable oil from penetrating the sand. This may not exactly
represent the real case in nature, where the partly crystallised roof
can behave either as a granular slurry or as a coherent
interlocking mass of crystals with interstitial liquid, or something
in between. Despite these possible variations at the local scale,
available field evidence®” suggests that at the general scale the
inner transition zone behaves in a similar way to the silicone in
our experiments, largely inhibiting the rise of magma and
enhancing its horizontal spreading below, forming sill-like
intrusions.

Discussion

The combination of our thermal and experimental models
highlights the importance of a thick transition zone around a
reservoir to develop resurgence and its associated structures

|8:1750

(Fig. 4e-h). This crucial condition may be met at any depth
within a magmatic system, but here we emphasise its occurrence
at two main crustal levels, in both cases promoted by caldera
formation (Fig. 5). Within the magma reservoir the sudden
doubling in the thickness of the transition zone following caldera
collapse provides a rheological buffer hindering the ascent of
newly injected magma through dikes directly above (Fig. 5b, e).
At shallower levels, altered intracaldera tuffs may provide suitable
density®® or stress (because of the lower Young’s modulus®’)
barriers to deflect dikes and lead to the emplacement of sills or
laccoliths. These tabular intrusions are themselves, together with
their upper and lower transition zones, able to induce a wide
rheological buffer for the ascent of successive magma, especially
during their early stages of growth (Fig. 2a, b). Progressive
accumulation under or within these shallow intrusions would
drive resurgence (Fig. 5c, f), consistently with geological
data”?%?%, Magma accumulation may thus develop from rheo-
logical barriers at shallow and/or deeper levels in a magmatic
system. Accommodation of the volume increase via roof uplift at
any depth manifests at the surface as resurgence (Fig. 5).

Therefore, the rheological barrier, whatever its depth, appears
the crucial factor to inhibit magma ascent and eruption, favouring
magma accumulation and resurgence. Additional processes may
contribute, as the intrusion of ring dikes promoting caldera
uplift®® and reactivation of ring faults, but these may have limited
importance in producing significant uplift.

As shown in the experiments (Fig. 4) and observed at several
resurgences, including Ischia, Pantelleria, Siwi and Toba®®!>16,
the new magma-driving resurgence may erupt outside the
resurgence and along its borders, through the resurgence faults
(Figs. 4 and 5). The magma-producing resurgence should nor-
mally not reach the surface within the resurgence area. However,
the barrier effect of the transition zone mainly depends upon its
thickness. In thinner and more discontinuous transition zones,
including those formed both within the magma chamber and
within the intracaldera fill fractured during caldera collapse®®,
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Fig. 4 Analogue models. a Map view of an experiment (RIS 1; Supplementary Table 2) without silicone layer, showing the extrusion of the oil within the
sand (t =60 s); a minor deformed area lies to the right of the extrusion point. b Cumulative horizontal displacement of the model; colour scale and arrows
are proportional to the amount of displacement. ¢ Cumulative vertical displacement; colour scale is proportional to the amount of uplift. d Section of the
experiment (trace in a), showing a dike with dip of ~46°, partly deflected along the marker levels. @ Map view of an experiment (RIS 5; Supplementary
Table 2) with shallower (1.5 cm) silicone layer (t = 45 s): a dome with apical graben is bordered by a ring scarp. f Cumulative horizontal displacement of the
model. g Cumulative vertical displacement. h Section of the experiment (trace in e) with a reverse fault, intruded by the oil, at the periphery of a laccolith. i
Map view of an experiment (RIS 9; Supplementary Table 2) with deeper (6 cm) silicone layer (t =240 s): a dome is accompanied by the extrusion of oil at
its upper right edge. j Cumulative horizontal displacement of the model. k Cumulative vertical displacement. I Section of the experiment (trace in i) with a
reverse fault, intruded by the oil, at the periphery of a sill. Same colours in the scales of the experiments may refer to different deformation values

dikes may propagate and eventually feed small volume eruptions
within the resurgence area. This scenario highlights a spectrum of
possible outcomes associated with magma injection following
caldera collapse, which are linked to the permeability of the
transition zone: thicker and non-permeable transition zones
mainly lead to resurgence without eruptions within the resur-
gence area, or non-erupting resurgence; conversely, thinner and
more permeable transition zones mainly lead to resurgence
accompanied by eruptions within the resurgence area, or erupting
resurgence. In this frame, a non-erupting resurgence may
experience more uplift than an erupting one. Additional features

6 NATURE COMMUNICATIONS | 8:1750

may affect these processes: among these, the collapse of a non-
coherent block during caldera formation may create subvertical
pathways enhancing the eruption of magma during resurgence,
within the resurgence area.

Several other features may control the development of the
rheological barrier at the top of a reservoir. Among these are the
reservoir size, magma supply rate, composition, amount of
degassing of the system and tectonic setting. While the transition
zone develops in any magmatic system, resurgence focuses in
large calderas??. Thermal models show that the smallest magma
reservoirs (e.g, 30km?) cool more rapidly. Rapid cooling and
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transition zone between molten and crystallised magma: dike propagation is promoted and eruptions are more frequent. b A caldera-forming eruption
partly empties the magma reservoir, leaving a thicker transition zone; this rheological barrier hinders the propagation of new magma through dikes,
promoting stagnation at depth and resurgence at the surface; modest eruptions may occur at the periphery of the system. ¢ Alternatively, or in
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nucleate from the periphery of, and/or within, the magmatic reservoir below, as inferred by the “?" signs. d, e, f illustrate the details of the processes
occurring in the dashed boxes in a, b, ¢, respectively; these detailed boxes are accompanied by probable estimates of the thickness of the transition zone

(left) with a given viscosity range (right)

crystallisation to the solidus temperature reduces the time interval
over which the viscosity gradient within the transition zone
hinders the propagation of newly injected magma. Conversely, in
the largest magma reservoirs partially crystallised layer of magma
acting as a transition zone can only be removed (i.e., remelted) if
very large volumes of magma are injected rapidly (Fig. 3). This
condition is not common**1%0, explaining the frequent resur-
gence of the largest calderas. Additionally, the maximum over-
pressures achieved in a reservoir by mag?ma injection are inversely
proportional to the size of the system”!. Thus, larger magmatic
systems are more difficult to pressurise to the critical levels
required to propagate a dike to the surface®!.

The effect of magma supply rate depends upon the size of the
reservoir, because relatively low supply rates lead to rapid cooling
of the magma reservoir, and therefore to an increase of the
viscosity contrast between resident and injected magma that can
finally lead to dike propagation, eruption and no resurgence. Very
large supply rates, especially in small to medium magma reser-
voirs fed by high-temperature mafic magma, can cause remelting
of the transition zone, its remobilization and lead to eruption and
no resurgence. The best conditions for resurgence to occur are the
injection of magma at average supply rates in medium to large
magma reservoirs. For shallower intrusions within the intra-
caldera tuffs, favourable conditions are given by the relatively
frequent emplacement of tabular intrusions, so that each suc-
cessive intrusion becomes emplaced before the previous one has
fully crystallised, as also observed at some resurgent calderas®®.
Under these conditions, the transition zone keeps thickening,
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maintaining low the viscosity contrast between injected and
resident magma and accounting for the resurgence observed at
large calderas.

As for the composition, felsic magmas, which are more viscous
than mafic ones, re%uire higher critical overpressure to ascent to
the surface in dikes’"*®6!, Additionally, the injection of chemi-
cally evolved magma in felsic reservoirs would further inhibit the
propagation of dikes to the surface and promote resurgence,
because of the minimal viscosity contrast between injected and
resident magma. Both these features explain why resurgence is
most common in calderas that erupted felsic magmas.

As for the degassing, resurgent calderas usually have high CO,
soil degassing values (Supplementary Table 1, and references
therein), associated with well-developed hydrothermal systems.
These conditions are particularly promoted by resurgence, where
the fluids from the newly emplaced magma escape through a
fractured caldera infill and the permeable resurgence faults>>°.
These features may explain the important degassing observed at
resurgent calderas. However, establishing whether and, in case,
how degassing may also contribute to resurgence is more chal-
lenging and requires additional simulations, not considered here.

Finally, the regional tectonic setting may also control the
development of resurgence and the occurrence of syn-resurgence
volcanism within the resurgent area. Current resurgences lie in
moderately extensional settings (very few mmyr™"; Table 1),
suggesting that the sustained supply of magma through dikes
feeding the tabular intrusions responsible for resurgence may be
assisted by some regional extension. This extension, decreasing
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Table 2 Thermal models

Value

1315 J kg™ k™
1205 J kg k™!
290,000 J kg™

Parameter

Cps (specific heat of crystals)
Com (specific heat of melt)
L (latent heat of fusion)

pc (density of crystals) 2700 kgm™
pm (density of melt) 2300 kg m™3
T (critical temperature) 1073K

X (crystal fraction) (see Eq. (1)) 0.5 (X)) £X<1
Tinj (temperature of injection of the new magma) 1473K

Pinj (density of the new injected magma) 2900 kgm™3

Parameters used in Egs. (2)-(12) (see “Methods" section)

the minimum regional compressive stress 63, may also enhance
the propagation of the newly injected magma via dikes, at least
through thinner transition zones, possibly explaining part of the
volcanism within the resurgent area. However, a stronger regional
extension (several mmyr~ at least) would further promote dike
propagation, eventually hindering any resurgence. This condition
may occur at the rhyolitic non-resurgent calderas of
Taupo Volcanic Zone, New Zealand, experiencing extremely
high magmatic productivity, but also significant extension
(9-14 mm yr~1)2, This suggests an optimum in the amount of
regional extension (very few mm yr~!) in promoting resurgence,
beyond which resurgence could be hindered.

The model proposed here to explain resurgence may also have
a more general applicability. In fact, stress barriers and/or crustal
discontinuities may assist the emplacement of tabular intru-
sions®’, forming a rheological barrier at any time in the lifetime of
a reservoir, also in the pre-caldera stage. The increase in the ratio
of intruded versus erupted magma would promote the growth of
large reservoirs at depth and tumescence at the surface, eventually
leading to catastrophic evacuation through ring dikes at the
periphery of the intrusion(s), also controlling the subsidence
during the caldera-forming eruption. Therefore, our model may
also explain the growth of large reservoirs associated with caldera
collapse.

Concluding, the thickening of a rheological barrier within the
inner part of the transition zone of a magma reservoir, where the
viscosity of partially crystallised magma progressively increases
outward, appears a crucial feature for several magmatic and
volcanic processes. The transition zone favours the storage of the
large amount of magma required for caldera-forming eruptions
and inhibits the propagation of dikes after caldera collapse, which
is instrumental for resurgence. In particular, at deeper levels, the
removal of eruptible magma from a chamber during caldera
collapse is an important process contributing to the thickening of
the transition zone and resurgence. At shallower depths, the
physical state of the altered intracaldera tuff promotes magma
arrest and the growth of a tabular transition zone, which con-
stitutes a rheological barrier, promoting the stagnation of suc-
cessive magma and ultimately resurgence. These barriers develop
most prominently in large, felsic and degassing magma reservoirs
supplied by average magma fluxes and minor extension (Fig. 1).
Our model, describing the shift from eruption-predominant to
storage-predominant conditions (Fig. 5), explains the significant
increase of the intrusive to extrusive ratio of well-known resur-
gent calderas. Moreover, our model adequately reproduces all the
features (size, composition, degassing and supply rate) of resur-
gent calderas. The location of syn-resurgence volcanism, usually
outside the resurgence or along its periphery, is also explained, as
at the reservoir margins magma may not intercept the rheological
barrier that impedes dike propagation and can thus erupt. On the
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other hand, the syn-resurgence volcanism within the resurgence
area may be related to a thinner transition zone, more permeable
to magma. Our model provides the theoretical framework for the
development of resurgent calderas and may serve to consider
long-term strategies to identify the potential location and size of
syn-resurgence volcanism in active calderas.

Methods

Thermal and viscous models. Thermal models have been used to calculate the
evolution of temperature of a magmatic system, both during its accretion, through
injection of new magma, and once magma injection stops.

The models used were previously developed and presented>* and are based on
numerical solutions of the two-dimensional axisymmetric diffusion equation for
temperature obtained with the Petrov-Galerkin Finite Element Method on 4-node
quadrilaterals. Our calculations include heat advection due to outward
displacement of the wall rocks in response to magma emplacement and latent heat
generation caused by crystallisation in the magma chamber. All calculations were
performed with the following physical parameters: spherical geometries, initial
geothermal gradient of 30 °C km™, pressure of 200 MPa (8-10 km depth), heat
conductivity of 2.7 W m™' K™, heat capacity of 1kJ kg™! K~1, rock density of
2700 kg m™> and latent heat of fusion of 350 kJ kg™.

The relationships between temperature and magma crystallinity are from a
previous experimental study>®, for a composition similar to the Fish Canyon Tuff,
whose eruption caused the collapse and resurgence of the La Garita caldera®®. This
composition is appropriate for many resurgent calderas (e.g., Creede, La Pacana,
Long Valley, Vilama and Toba)”!33-65, We used the results obtained at H,O-
saturated conditions (i.e., about 6 wt% at 200 MPa)®.

The crystal fraction (X) variation is assumed to vary as a function of
temperature (T) (Supplementary Fig. 1a) as>:

H*(ﬁ) M

Where 6 = (800 — T)/23, with the T in °C.

The viscosity of the melt phase (,,; Supplementary Table 3) as a function of
temperature and H,O content was calculated from a previous model®>. The effect
of crystals on viscosity (#,; Supplementary Table 3) was calculated using a previous
model3. Multiplying the viscosity of the melt (17,,) by the relative viscosity (17,), we
obtained the total magma viscosity (#7.o; Supplementary Table 3) as a function of T,
composition of the melt, crystal and H,O content (Supplementary Fig. 1b).

Models for the remelting of the transition zone. The models for the evaluation
of the quantity of new magma required for the remelting of the transition zone
have been developed using the parameters shown in Table 2.

In order to remelt the transition zone, the heat lost by the magmatic system has
to be lower than the heat supplied by magma injection. We considered only the
heat that the system loses from its roof by conduction, so that we did not take into
account other possible mechanisms of heat dispersion (like interaction with
hydrothermal systems) that could significantly enhance the cooling, requiring the
injection of even larger volumes of magma for the remelting of the transition zone
to take place. We considered that magma with crystallinity >50 vol.% cannot be
remobilised®” (crystallinity of 50% corresponds to a T= T, see Supplementary
Fig. 1, Table 2 and Supplementary Tables 3). Therefore, to remobilise the transition
zone, we consider that its crystallinity should drop below 50 vol.%. For the sake of
simplicity, we considered 50 vol.% to correspond to 50 wt.% crystals.

The enthalpy content of magma reaching the critical crystallinity (i.e., crystal
fraction of 0.5 on a bubble-free base; X) is:

He = (Cpsx Tex Xe) + [Comx Tex (1= Xo)] +Lx (1= X) Tkg™")  (2)

The enthalpy required to increase the temperature of each 1kg of magma
containing more than 50 wt.% of crystals to T is:

He=H. = {(Cox TxX) + [Cuux Tx (1 = X)] + Lx (1 = X)}, (kg™')  (3)

Where T is the temperature between 700 (T solidus) and 800 °C and X the
crystallinity at each temperature within this interval (Eq. 1). Assuming that the
temperature decreases linearly through the transition zone, the thickness of each
portion of transition zone at different temperature can be calculated:

dz z

e S 4
dT Tmax - Tmin (m) ( )

Where z is the thickness of the transition zone and Ty, and Ty,  are equal to 700
and 800 °C, respectively. The density of the magma within each temperature
interval is:

Prot = PeX X+ pyx (1= X) (kgm ™) (5)

| DOI: 10.1038/541467-017-01632-y | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

The mass of magma within each temperature interval and unit area is:

dz _
Massy = piop X ar (kgm™?) (6)

The enthalpy required to remobilise each portion within one T of a column of
transition zone of thickness = z and unit area is:

H, = Mass,, x H; (Jm™2) (7)

Therefore, the total enthalpy required to remobilise the transition zone over the
entire area of the magma reservoir is:

Hr(zmax)

> H|xA() (8)

n=Hr(zmin)

Hiot =

Where A is the area of the reservoir.

The parameters of the new magma injected (Ti,; and py,;) are reported in
Table 2.

We consider that by cooling of 400 °C the injected magma crystallises fully
(xinj=1) (this is a maximum estimate®®). The useful enthalpy of 1kg of the injected
magma (i.e., the injected magma can only transfer heat until thermal equilibrium is
reached; considering that the transition zone unlocking occurs at 1073 K, only the
heat of the injected magma between Ti,; and 1073 K can be used) is:

H :(Cpm x Tinj + L)
— [Cpmx T.x (1 — x;“j) + Cpo % Te X Xinj + Lx (1 — xinj)] (Ikgfl)
The volume of injected magma required for remobilisation (km?) is:

(Hot/H)

(pinj x 109)

Considering that during the injection the resident magma continues to loose
heat, the remelting can only happen if the rate of heat input is larger than the rate
of heat loss. Assuming a rate of heat loss (ry;) (only from the top of the intrusion,
as a minimum estimate) and a rate of magma injection, the total heat loss (HL) per
year is:

©)

Vinj = (km?) (10)

HL = ryp x Ax 365x 24x 60x 60  (])
The minimum magma flux to compensate the heat loss is:

(HL/H)

(pinj x 109)

Analogue models. The experimental apparatus includes a squared sand box 30 cm
long on each side. This box has been filled with a 4 or 8 cm-thick crushed silica
powder (mechanical properties in ref. °*). A nozzle for the vegetable oil injection,
with inner diameter of 1 mm, was placed at the centre of the box at a depth of 3, 4
and 7 cm. At depths between 1.5 and 6 cm (Supplementary Table 2), an ~1.5 mm-
thick horizontal level of silicone, with variable diameter, has been placed above the
nozzle. The vegetable oil was injected using a peristaltic pump.

A camera has been placed above the box to monitor the surface of the model
during the experiment. The images have been analysed usin§ the particle image
velocimetry technique to detect the horizontal deformation®. This is an optical
technique that is implemented in the Matpiv software (www.matpiv.com) running
under MATLAB®. A laser scanner, placed next to the photo camera above the
surface of the experiment, detected the vertical deformation®.

At the end of each experiment, the models have been covered with 1.5-2 cm of
crushed silica powder to preserve the final topography of the experiments. The
models were then wet with water and subsequently cut in sections in order to
appreciate the subsurface structure. Supplementary Table 2 lists the experiments
and all the related parameters.

Model parameters have to be geometrically, kinematically and dynamically
scaled, in order to ensure similarities between natural prototypes and experimental
results®. The main forces to scale are body forces (gravity) and stresses.

The dimensionless ratio (IT) between these two forces can be defined as:

I1=pgl/c

(11)

Quin = (km®yr™") (12)

(13)

Where p is rock density, g is the acceleration of gravity, [ is a linear dimension and
o is stress. The cohesion of rock (c) has the same dimension of a stress and so we
can use the cohesion instead of stress in Eq. (13). As the IT needs to be the same in
nature and in the experiments, then ¢* = p*g*l*, which are the ratios between the
experiments and in nature for the cohesion, density, gravity and length,
respectively. The experiments have been carried out into the terrestrial
gravitational field and so the ratio between the g of the models and natural g is 1
(g*=1). The density of the rock of the upper crust is usually between 2500 and
2700 kg m~3, while the density of the crushed silica powder used in the experiments
is ~1400 (kg m~3)°C. Therefore, the density ratio (p*) is ~0.5. Using a length ratio
() of 2x 107> (1 cm of the model corresponds to ~500 m in nature) the cohesion
ratio (c*) needs to be 107>. A cohesion of 107 Pa is typical of the rocks that compose
the upper crust, which imposes that the cohesion of the experimental sand is ~3 x
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10% Pa. For this reason, we used crushed silica powder with granulometry between
40 and 200 pm and cohesion of ~300 PaC.

The density and viscosity of the vegetable oil depend upon temperature. In
Supplementary Table 2, we report the density, viscosity and temperature used in
our experiments. The density p has been measured using a pycnometer, at known
temperature, with the following equation:

p=m/V (14)
Where m and V are the mass and volume of the oil, respectively. The vegetable oil
is a Newtonian fluid and its viscosity is independent of the shear stress and strain
rates, and is related only to the temperature’’. The relation between temperature
and viscosity of the vegetable oil is described by the Arrhenius’ law”?:

n = AeB/RD (15)

Where A is a constant [(2.3 +0.8) x 1077], E, is the activation energy (30380 +
8507]), R is the universal constant of gas and T (K) is the temperature70. This
equation has been used to define the viscosity of vegetable oil as a function of
temperature (Supplementary Table 2). In our experiments, we used a silicone with
viscosity of 104 Pass, in order to keep a viscosity contrast with the vegetable oil of
six orders of magnitude (see Supplementary Table 4).

The parameters considered are therefore (Supplementary Table 2): silicone
diameter (D), depth of silicone level (d), depth of vegetable oil injection (p),
duration of the experiment (), velocity of injection (v), density of the vegetable oil
(po.) and sand (py), silicone viscosity (775;) and vegetable oil viscosity (), the
cohesion of the experimental sand (c) and the gravity (g).

According to the Buckingham-IT theory, having 11 variables and 3 dimensions,
we have to create 8 dimensionless ratios in order to describe the behaviour of our
models and test similarities between nature and experiments>.

The first dimensionless ratio is:

_ pgD

1, = (16)
c
The geometrical ratios are represented by:
d
mn=9 (17)
d
== (18)
p
n-4 (19)
The density ratio between the vegetable oil and sand is:
pO.V,
s =—=. 20
Ps. (20)
The viscosity ratio between the vegetable oil and silicone is:
Mo
g = —=. 21
Msil. @
Two final dimensionless ratios are:
vt
;=4 (22)
2
s = Poy.P (23)
W]O.Vvt

In Supplementary Table 4, we report the values of these dimensionless ratios for
nature and the experiments. The similar values (or same order of magnitude) of the
dimensionless parameters, from II; to II; in nature and in the experiments
highlight an overall appropriate scaling, in terms of used materials and imposed
conditions.

However, the dimensionless ratio ITg in nature and experiments differs of two
orders of magnitude. In fact, in order to have the same values, the duration of
experiments would have been of 3 h, but unfortunately the vegetable oil (which
currently provides the best experimental approximation one can get) solidifies in a
much shorter time. Despite this discrepancy, we note that in both cases Ilg is very
small and < 1. This means that both in the experiments and in nature viscous
forces exceed inertial forces, as expected. In addition, this dimensionless
parameter mainly involves the kinematic behaviour of the intruder, which does
not really affect our experimental behaviours and is therefore not discussed in the
text.

Data availability. The data that support the findings of this study are available
from the corresponding author on reasonable request.

| DOI: 10.1038/541467-017-01632-y | www.nature.com/naturecommunications 9


http://www.matpiv.com
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

Received: 18 April 2017 Accepted: 5 October 2017
Published online: 24 November 2017

References

1.

10.

1

—

12.

1

w

14.

15.

1

(=2}

17.

18.

19.

20.

2

—

22.

23.

24.

25.

26.

27.

28.

Branney, M. & Acocella, V. in Encyclopaedia of Volcanoes, 2nd edn

(eds Sigurdsson, H. et al.) 299-315 (Academic, 2015).

Vezzoli, L. Island of Ischia (CNR, Rome, 1988).

D’Agostino, N. Complete seismic release of tectonic strain and earthquake
recurrence in the Apennines (Italy). Geophys. Res. Lett. 41, 1155-1162 (2014).
Civetta, L., Cornette, Y., Gillot, P. Y. & Orsi, G. The eruptive history of
Pantelleria (Sicily Channel) in the last 50 ka. Bull. Vulcanol. 50, 47-57 (1988).
Catalano, S. et al. Late quaternary deformation on the island on Pantelleria: new
constraints for the recent tectonic evolution of the Sicily Channel Rift (southern
Italy). J. Geodyn. 48, 75-82 (2009).

Sacchi, M. et al. Neapolitan yellow tuff caldera offshore the Campi Flegrei:
stratal architecture and kinematic reconstruction during the last 15ky. Mar.
Geol. 354, 15-33 (2014).

Hildreth, W., Fierstein, J. & Calvert, A. Early postcaldera rhyolite and structural
resurgence at Long Valley Caldera, California. J. Volcanol. Geotherm. Res. 335,
1-34 (2017).

Rood, D. H., Burbank, D. W. & Finkel, R. C. Spatiotemporal patterns of fault
slip rates across the Central Sierra Nevada frontal fault zone. Earth Planet. Sci.
Lett. 301, 457-468 (2011).

Phillips, E. H. et al. The “0Ar/3°Ar age constraints on the duration of
resurgence at the Valles caldera, New Mexico. J. Geophys. Res. 112, B08201
(2007).

Argus, D. F. & Gordon, R. G. Tests of the rigid-plate hypothesis and bounds on
intraplate deformation using geodetic data from very long baseline
interferometry. J. Geophys. Res. 101, 13555-13572 (1996).

. Christiansen, R. L. The Quaternary and Pliocene Yellowstone Plateau Volcanic

Field of Wyoming, Idaho, and Montana Vol. 729-G (U.S. Geological Survey,
VA, USA, 2001).

Puskas, C. M. et al. Crustal deformation of the Yellowstone-Snake River Plain
volcano-tectonic system: campaign and continuous GPS observations,
1987-2004. J. Geophys. Res. 112, B03401 (2007).

. De Silva, S. L., Mucek, A. E., Gregg, P. M. & Pratomo, L. Resurgent Toba—field,

chronologic, and model constraints on time scales and mechanisms of
resurgence at large calderas. Front. Earth Sci. 3, 25 (2015).

Sieh, K. & Natawidjaja, D. Neotectonics of the Sumatran fault, Indonesia. J.
Geophys. Res. 105, 28295-28326 (2000).

Meétrich, N. et al. Magma and volatile supply to post-collapse volcanism and
block resurgence in Siwi Caldera (Tanna Island, Vanuatu arc). J. Petrol. 52,
1077-1105 (2011).

. Brothelande, E. et al. Structure and evolution of an active resurgent dome

evidenced by geophysical investigations: the Yenkahe dome-Yasur volcano
system (Siwi caldera, Vanuatu). J. Volcanol. Geotherm. Res. 322, 241-262
(2016).

Nagai, M. & Kobayashi, T. Volcanic history of Ogasawara Ioto (Iwo-jima), Izu-
Bonin Arc, Japan (Chigaku Zasshi). J. Geogr. 124, 65-99 (2015).

Taylor, B. et al. Structural development of Sumisu Rift, Izu-Bonin Arc.

J. Geophys. Res. 96, 16113-16129 (1991).

Druitt, T. H. & Sparks, R. S. J. On the formation of calderas during ignimbrite
eruptions. Nature 310, 679-681 (1984).

Gudmundsson, A. Formation of collapse calderas. Geology 16, 808-810
(1988).

. Marti, J., Geyer, A. & Folch, A. Developments in Volcanology Vol. 10, 233-283

(Elsevier, 2008).

Marsh, B. D. On the mechanics of caldera resurgence. J. Geophys. Res. 89,
8245-8251 (1984).

Kennedy, B., Wilcock, J. & Stix, J. Caldera resurgence during magma
replenishment and rejuvenation at Valles and Lake City calderas. Bull.
Volcanol. 74, 1833-1847 (2012).

Smith, R. L. & Bailey, R. A. Resurgent cauldrons. Geol. Soc. Am. Mem. 116,
613-662 (1968).

Di Vito, M. A. et al. Magma transfer at Campi Flegrei caldera (Italy) before the
last 1538 AD eruption. Sci. Rep. 6, 32245 (2016).

Fridrich, C. J., Smith, R. P., DeWitt, E. D. & McKee, E. H. Structural, eruptive,
and intrusive evolution of the Grizzly Peak caldera, Sawatch Range, Colorado.
Geol. Soc. Am. Bull. 103, 1160-1177 (1991).

DuBray, E. A. & Pallister, J. S. Recrystallization and anatexis along the plutonic-
volcanic contact of the Turkey Creek caldera, Arizona. Geol. Soc. Am. Bull. 111,
143-153 (1999).

Kawakami, Y., Hoshi, H. & Yamaguchi, Y. Mechanism of caldera collapse and
resurgence: observations from the northern part of the Kumano Acidic Rocks,

29.

30.

3

—

3

[}

33.

34.

3

w

36.

37.

38.

39.

4

o

4

—_

42,

4

W

44.

4

wv

46.

47.

48.

4

Nel

50.

5

—

5

[}

5

W

54.

55.

5

[=}

57.

5

oo

59.

|8:1750

Kii peninsula, southwest Japan. J. Volcanol. Geotherm. Res. 167, 263-281
(2007).

Kennedy, B. et al. Magma storage, differentiation, and interaction at Lake City
caldera, Colorado, USA. Geol. Soc. Am. Bull. https://doi.org/10.1130/B31305.1
(2015).

Huppert, H. E. & Woods, A. W. The role of volatiles in magma chamber
dynamics. Nature 420, 493-495 (2002).

. Jellinek, A. M. & De Paolo, D. J. A model for the origin of large silicic magma

chambers: precursors of caldera-forming eruptions. Bull. Volcanol. 65, 363-381
(2003).

. Acocella, V. & Funiciello, R. The interaction between regional and local

tectonics during resurgent doming: the case of the island of Ischia, Italy. J.
Volcanol. Geotherm. Res. 88, 109-123 (1999).

Caricchi, L. et al. Non-Newtonian rheology of crystal-bearing magmas and
implications for magma ascent dynamics. Earth Planet. Sci. Lett. 264, 402-419
(2007).

Caricchi, L., Simpson, G. & Schaltegger, U. Zircons reveal magma fluxes in the
Earth’s crust. Nature 511, 457-461 (2014).

. Giordano, D., Russell, J. K. & Dingwell, D. B. Viscosity of magmatic liquids: a

model. Earth Planet. Sci. Lett. 271, 123-134 (2008).

Caricchi, L. & Blundy, J. Experimental petrology of monotonous intermediate
magmas. Geol. Soc. London Spec. Publ. 422, 105-130 (2015).

Marsh, B. D. On bimodal differentiation by solidification front instability in
basaltic magmas, part 1: basic mechanics. Geochim. Cosmochim. Acta 66,
2211-2229 (2002).

Rubin, A. M. Dikes vs. diapirs in viscoelastic rock. Earth Planet. Sci. Lett. 117,
653-670 (1993).

Miller, C. F. et al. Growth of plutons by incremental emplacement of sheets in
crystal-rich host: evidence from Miocene intrusions of the Colorado River
region, Nevada, USA. Tectonophysics 500, 65-77 (2011).

. Casalini, M. et al. Geochemical and radiogenic isotope probes of Ischia volcano,

Southern Italy: constraints on magma chamber dynamics and residence time.
Am. Mineral. 102, 262-274 (2017).

. Wotzlaw, J.-F. et al. Tracking the evolution of large-volume silicic magma

reservoirs from assembly to supereruption. Geology 41, 867-870 (2013).
Chiodini, G. et al. Fumarolic and diffuse soil degassing west of Mount Epomeo,
Ischia, Italy. J. Volcanol. Geotherm. Res. 133, 291-309 (2004).

. Carlino, S. The process of resurgence for Ischia Island (southern Italy) since 55

ka: the laccolith model and implications for eruption forecasting. Bull. Volcanol.
74, 947-961 (2012).

Bellani, S., Calore, C., Grassi, S. & Squarci, P. Thermal prospecting in
Pantelleria Island (Sicily Channel, Italy) Vol. 2, 767-770 (World Geothermal
Congress, Florence, 1995).

. D’Auria et al. Magma injection beneath the urban area of Naples: a new

mechanism for the 2012-2013 volcanic unrest at Campi Flegrei caldera. Sci.
Rep. 5, 13100 (2015).

Chiodini, G. et al. Magmas near the critical degassing pressure drive volcanic
unrest towards a critical state. Nat. Commun. 7, 13712 (2016).

Goff, F. & Gardner, ]. N. in The Geology of New Mexico - A Geologic History
(eds Mack, G. & Giles, K.) 295-312 (New Mexico Geological Society, Special
Publication 11, Socorro, 2004).

Pribnow, D. F. C. et al. Fluid flow in the resurgent dome of Long Valley
Caldera: implications from thermal data and deep electrical sounding. J.
Volcanol. Geotherm. Res. 127, 329-345 (2003).

. Lowenstern, J. B. & Hurwitz, S. Monitoring a supervolcano in repose: heat and

volatile flux at the yellowstone caldera. Elements 4, 35-40 (2008).
Norini, G. & Acocella, V. Analogue modeling of flank instability at Mount
Etna: understanding the driving factors. J. Geophys. Res. 116, B07206 (2011).

. Acocella, V., Cifelli, F. & Funiciello, R. The control of overburden thickness on

resurgent domes: insights from analogue models. J. Volcanol. Geotherm. Res.
111, 137-153 (2001).

. Brothelande, E. & Merle, O. Estimation of magma depth for resurgent domes:

an experimental approach. Earth Planet. Sci. Lett. 412, 143-151 (2015).

. Kavanagh, J., Boutelier, D. & Cruden, A. The mechanics of sill inception,

propagation and growth: experimental evidence for rapid reduction in
magmatic overpressure. Earth Planet. Sci. Lett. 421, 117-128 (2015).

Magee, C. et al. Structure and dynamics of surface uplift induced by
incremental sill emplacement. Geology 45, 431-434 (2017).

Hansen, D. M. & Cartwright, J. The three-dimensional geometry and growth of
forced folds above saucer-shaped igneous sills. J. Struct. Geol. 28, 1520-1535 (2006).

. Lister, J. R. & Kerr, R. C. Fluid-mechanical models of crack propagation and their

application to magma transport in dykes. J. Geophys. Res. 96, 1049-1077 (1991).
Gudmundsson, A. Deflection of dykes into sills at discontinuities and magma
chamber formation. Tectonophysics 500, 50-64 (2011).

. Saunders, S. J. The shallow plumbing system of Rabaul caldera: a partially

intruded ring fault? Bull. Volcanol. 63, 406-420 (2001).
Stix, J. et al. Caldera-forming processes and the origin of submarine
volcanogenic massive sulfide deposits. Geology 31, 375-378 (2003).

| DOI: 10.1038/541467-017-01632-y | www.nature.com/naturecommunications


https://doi.org/10.1130/B31305.1
www.nature.com/naturecommunications

ARTICLE

60. Annen, C,, Paulatto, M., Sparks, R. S. J., Minshull, T. A. & Kiddle, E. J.
Quantification of the intrusive magma fluxes during magma chamber growth at
Soufriére Hills Volcano (Montserrat, Lesser Antilles). J. Petrol. 55, 529-548 (2014).

. Degruyter, W. & Huber, C. A model for eruption frequency of upper crustal
silicic magma chambers. Earth Planet. Sci. Lett. 403, 117-130 (2014).

. Wallace, L. M., Beavan, J., McCaffrey, R. & Darby, D. Subduction zone coupling
and tectonic block rotations in the North Island, New Zealand. J. Geophys. Res.
109, B12406 (2004).

63. Lipman, P. W. Central San Juan caldera cluster: regional volcanic framework.

Geol. Soc. Am. Spec. Pap. 346, 9-69 (2000).

64. Lindsay, J. M., De Silva, S., Trumbull, R, Emmermann, R. & Wemmer, K. La
Pacana caldera, N. Chile: a re-evaluation of the stratigraphy and volcanology of
one of the world’s largest resurgent calderas. J. Volcanol. Geotherm. Res. 106,
145-173 (2001).

65. Soler, M. M., Caffe, P. J., Coira, B. L., Onoe, A. T. & Kay, S. M. Geology of the
Vilama caldera: a new interpretation of a large-scale explosive event in the
Central Andean plateau during the Upper Miocene. J. Volcanol. Geotherm. Res.
164, 27-53 (2007).

66. Moore, G., Vennemann, T. & Carmichael, I. S. E. An empirical model
for the solubility of H,O in magmas to 3 kilobars. Am. Mineral. 83, 36-42
(1998).

67. Marsh, B. D. On the crystallinity, probability of occurrence, and rheology of

lava and magma. Contrib. Mineral. Petrol. 78, 85-98 (1981).

. Villiger, S., Ulmer, P. & Muntener, O. Equilibrium and fractional crystallization
experiments at 0.7 GPa; the effect of pressure on phase relations and liquid
compositions of tholeiitic magmas. J. Petrol. 48, 159-184 (2007).

69. Trippanera, D., Ruch, J., Acocella, V. & Rivalta, E. Experiments of dike-induced

deformation: insights on the long-term evolution of divergent plate boundaries.
J. Geophys. Res. 120, 6913-6942 (2015).

70. Galland, O., Cobbold, P. R., Hallot, E., de Bremond d’Ars, J. & Delavaud, G.
Use of vegetable oil and silica powder for scale modelling of magmatic intrusion
in a deforming brittle crust. Earth Planet. Sci. Lett. 243, 786-804 (2006).

6

—

6

153

6

oo

Acknowledgements

Chris Newhall and Shan de Silva provided helpful insights on degassing and resurgence,
respectively. Masashi Nagai provided information on Iwo-Jima. Marco Sacchi provided
information on Campi Flegrei. Elodie Brothelande and Marta della Seta provided the
DEMs of Siwi and Ischia, respectively. Daniele Trippanera helped in the setting up of the
experiments. Guy Simpson wrote the code for thermal modelling. Ben Kennedy and John
Stix provided very effective and constructive suggestions. L.C. received funding for this

|8:1750

project from the European Research Council (ERC) under the European Union’s Hor-
izon 2020 research and innovation programme (Grant agreement No. 677493). V.A.
acknowledges the DPC-INGV V2 Project “Campi Flegrei” and the “GeoModAp EEC
EV5V-CT94-0464 project”. The idea behind this study came from a project on Ischia in
1995, coordinated by Renato Funiciello: without his support we would not have arrived
here.

Author contributions

F.G. run the numerical and analogue experiments; V.A. coordinated the research and
wrote the paper; L.C. coordinated the numerical models. All authors contributed ideas
and input to the research and writing of the paper.

Additional information
Supplementary Information accompanies this paper at doi:10.1038/s41467-017-01632-y.

Competing interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

B Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2017

| DOI: 10.1038/541467-017-01632-y | www.nature.com/naturecommunications 1


http://dx.doi.org/10.1038/s41467-017-01632-y
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Caldera resurgence driven by magma viscosity contrasts
	Results
	Thermal models
	Analogue models

	Discussion
	Methods
	Thermal and viscous models
	Models for the remelting of the transition zone
	Analogue models
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




