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Abstract. Multiple magma storage levels are commonly recognized beneath magmatic systems and may play
an important role in the processes leading to the build-up of large silicic magma chambers in the crust, with pos-
sible critical implications for the occurrence of explosive eruptions. Within such reservoirs, interactions between
different magmas due to new recharge events are common processes, as demonstrated by the presence of mafic
enclaves, which also reveal the occurrence of magma immiscibility conditions.

In Nisyros (Greece), the two most recent eruptive events are the caldera-forming explosive eruption of the
Upper Pumice (UP) and the following effusive activity of the Post Caldera Domes (PCD), which emplaced a
thick pyroclastic deposit and six main lava domes, both hosting mafic components as crystal-rich clasts (CRCs)
and enclaves, respectively. These two eruptions show differences in the abundance, petrographic characteristics,
mineral chemistry, and geochemical and isotopic signatures of their mafic components, as well as in the extent
of their mingling processes, indicating that the magma interaction conditions were different, possibly related to
a change in the magma chamber dynamics and/or in the deeper feeding system structure.

In this work, we investigated the textural characteristics and mineral chemistry of the products erupted by
these two eruptive episodes, exploring their crystallization histories and the possible variations in physical con-
ditions to reconstruct the structure of the plumbing system throughout the two phases of activities. Our results
revealed the occurrence of evident mineral disequilibria within CRCs and enclaves related to their rapid crys-
tallization due to the undercooling within the host. In the PCD systems, mineral disequilibria are also related to
the extensive crystal transfer from the host to the enclaves and vice versa, generating mingling at the microscale,
which increases with time. The application of geothermobarometers records progressively higher pressure from
the UP to the PCD under similar temperature conditions. This indicates a deepening of the main eruptible reser-
voir, sampled by the PCD activity, after the UP—caldera collapse. Between the two periods, an interconnected
evolved magma-rich system developed through new inputs of mafic melts that refilled and reheated the system,
progressively mingling with the host and generating new conditions for the eruption.
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1 Introduction

The presence of multiple magma storage levels is a common
feature of magmatic systems, and it has been interpreted as
being related to the complex processes leading to the forma-
tion of large silicic magma chambers in the crust (i.e., Sparks
et al., 2024; Sparks et al., 2022; Cashman et al., 2017; Cash-
man and Giordano, 2014).

The identification of different ponding levels and their
evolution, interconnection, possible reactivation, or vanish-
ing over time represents a challenge for the understanding of
feeding system dynamics and architecture, with fundamental
implications for volcanic eruptions as well. Modern interpre-
tations of volcanic plumbing systems suppose that magma
generation, storage, and differentiation take place within ver-
tically extensive mush reservoirs, where residual melts are
distributed and segregated into (eruptible) melt-rich regions
(Sparks et al., 2022). In this view, zoned trans-crustal magma
systems are formed by progressive separation from basaltic
magmas stored within lower crustal hot zones. Differentia-
tion occurs mostly in the lower and middle crust, with the
upper crustal levels predominantly characterized by magma
accumulation and segregation (i.e., Annen et al., 2006; Cash-
man et al., 2017; Sparks et al., 2022, 2024).

However, it is unquestionable that magmas (magma cham-
bers or melt zones within mush reservoirs) behave as open
systems, as supported by evidence from both magma (i.e.,
whole-rock) chemistry and crystal records (i.e., crystal zon-
ing) (e.g., DePaolo, 1981; Francalanci et al., 2005; Browne
et al., 2006; Davidson et al., 2007; Ruprecht and Worner,
2007; Petrone et al., 2018). Magma mingling, expressed by
the presence of two or more chemically distinct magmas
(i.e., Bacon and Metz, 1984), provides an important piece
of evidence that magma chambers are assembled by episodic
magma addition from below. Magma recharge episodes of
mafic, hotter melts from depths represents, together with
volatile accumulation, one of the principal factors that may
trigger volcanic eruptions, producing a perturbation in the
shallower portions of a plumbing system (i.e., Ruprecht et
al., 2020). Thermal and physical interactions between dif-
ferently evolved magmas are thus important processes that
may rejuvenate the whole feeding system, potentially gener-
ating the conditions for explosive eruptions (Di Salvo et al.,
2020; Forni et al., 2016). These recharge events may pro-
duce mixing; when magmas are very different in terms of
temperature, composition, crystal content, and volatile con-
tent (and thus viscosity), immiscibility processes (mingling)
may be favored instead, resulting in banded structures or en-
claves (e.g., Bacon, 1986; Huppert, 1989; Laumonier et al.,
2014; Blake and Fink, 2000; Coombs et al., 2002; Ruprecht
et al., 2020). In general, enclaves are formed by more primi-
tive magmas with respect to the host and are often interpreted
as evidence of recharge events that trigger volcanic eruptions.
However, they may also form during recharge episodes with-
out the occurrence of eruptions, feeding and sustaining the
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magma chamber (Ruprecht et al., 2020). In any case, en-
claves are evidence of a dynamic system in which different
magmas coexist in the same reservoir for an undefined period
before eruption and are eventually emplaced together.

Such magma interactions may develop from macro- to mi-
croscale, through disaggregation of one (or more) compo-
nents into the host (i.e., Humphreys et al., 2009; Braschi
et al., 2012, 2014), with separation and dispersion of single
mineral phases as well, resulting in disequilibrium paragen-
esis with respect to the host melt.

The possibility of detailing the dynamics of magma in-
teraction and defining the physical conditions, such as pres-
sure and temperature, as well as their possible variation over
time and between different eruptions, represents an important
step forward in the knowledge of magmatic systems. Min-
eral chemistry investigations are the principal tools for trac-
ing such processes since crystals provide records of the pro-
cesses occurring in the magmatic system in which they grew.
Chemico-physical variations or episodic perturbations in a
magmatic system are indeed recorded in the distinct com-
positions and zonings of crystallizing mineral phases, allow-
ing the history of magma evolution to be tracked. Moreover,
mineral composition can be used, through geothermobarom-
eters, to constrain the depths and temperatures of magma
storage and thus the structure and extent of the plumbing sys-
tem. In this field, new machine learning algorithms have re-
cently been proposed (i.e., Petrelli et al., 2020; Higgins et
al., 2022; Chicchi et al., 2023) as an alternative to classi-
cal thermodynamic-based tools, which require equilibrium
boundary conditions (i.e., Putirka, 2016, 2008) that are often
hard to attain in open systems as volcanic magma chambers.

Nisyros volcano (Greece) shows evidence of min-
gling/mixing processes during its volcanological evolution
and represents an excellent example to explore the relation-
ship among magmas and reconstruct the deep-to-shallow
structure of the feeding plumbing system. This volcano is
also characterized by a shift in its eruptive style during the
final magmatic history, changing from explosive, caldera-
forming eruptions to effusive phases emplacing large vol-
umes of lava domes rich in mafic enclaves (Braschi et al.,
2012, 2022).

In this paper we present new, detailed microanalytical data
on the main mineral phases present in the different juvenile
components erupted by these two different activities with the
following aims:

1. to detail the interaction processes that characterize the
different magmas before the eruption

2. to define the plumbing system architecture in terms of
depth and thermal conditions of the different storage
levels in order to determine if and how these conditions
change from the final caldera-forming explosive stage
to the effusive phase.
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2 Geological and petrological background

The volcano of Nisyros is located in the easternmost sec-
tor of the South Aegean Active Volcanic Arc (SAAVA) and
is part of the Kos—Nisyros volcanic field. The subaerial ac-
tivity is younger than the 161 ka Kos Plateau tuff eruption
of the nearby Kos volcano (Bachmann et al., 2007; Smith
et al., 1996). The volcanic edifice grew on a basement of
Mesozoic limestone and Neogene sediments (Barberi et al.,
1988; Varekamp, 1993; Volentik et al., 2002) through two
different cycles of activity, forming the present-day compos-
ite volcano, which is characterized by a large central caldera
depression (about 4 km wide; Fig. 1).

The first cycle (< 161-47 ka; Bachmann et al., 2007; Mar-
gari et al., 2007) led to the formation of the volcanic edifice
through the emission of lava flows and pyroclastic products,
with effusive and mild explosive activity. The second cycle
(ca. 47-19.9 ka; Margari et al., 2007; Popa et al., 2020) was
marked by two Plinian or sub-Plinian caldera-forming explo-
sive eruptions (Lower Pumice and Upper Pumice — Fig. 2a—c,
respectively), emplacing thick deposits of pyroclastic mate-
rial, both followed by abundant emission of lava flows and
domes rich in magmatic enclaves (Nikia and Post Caldera
Domes and lavas — Fig. 2d—f) (Davis, 1967; Di Paola, 1974,
Wyers and Barton, 1989; Limburg and Varekamp, 1991; Sey-
mour and Vlassopoulos, 1992; Francalanci et al., 1995; Vo-
lentik et al., 2005; Buettner et al., 2005; Vanderkluysen et al.,
2005; Longchamp et al., 2011; Braschi et al., 2012; Klaver et
al., 2017; Dietrich, 2018). The Post Caldera Domes activity
emplaced six main lava domes in temporal succession. His-
toric phreatic explosions are documented in 1871-1873 and
1887 CE, testifying to a system that is still active and releas-
ing heat from depth.

From the first to the second cycle of activity, the volcanic
behavior and the compositional characteristics of the erupted
magmas changed significantly. The products that erupted in
the first cycle show a variable degree of differentiation from
basaltic andesites to dacites, with rare rhyolites, alternatively
emplaced during distinct eruptive events, thus defining recur-
rent jumps in the degree of evolution along the stratigraphic
series (Francalanci et al., 1995). In contrast, the products that
erupted during the second cycle of activity display evident
bimodal compositions with large volumes of highly differen-
tiated magmas (rhyolites and rhyodacites) emplaced together
with variable amounts of mafic magmatic enclaves (from
basalts and basaltic andesites to andesites) (Francalanci et
al., 1995; Braschi et al., 2012; Klaver et al., 2017, 2018).
In general, the observed large variability through time in the
porphyritic index of the volcanic products and its correlation
with the Sr isotope ratios has led researchers to propose com-
plex magma evolutionary processes for Nisyros magmas, oc-
curring within a stable, long-lived magma chamber undergo-
ing multiple inputs and several cycles of crystal retentions,
convections, and buoyancy-driven melt segregation (Fran-
calanci et al., 1995). More recently, other authors have sug-
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gested the occurrence of two distinct magmatic suites (low-
porphyritic andesite and high-porphyritic rhyodacite suites),
which are considered to have evolved along distinct petro-
genetic pathways through time (Klaver et al., 2017, 2018).
However, the peculiar characteristics of the volcanic products
erupted during the second cycle of activity suggest the estab-
lishment of a dynamic plumbing system dominated by mul-
tiple episodes of refilling/refreshing of an evolved magma
chamber by mafic magmas, generating marked magma im-
miscibility (Francalanci et al., 1995; Braschi et al., 2012) and
testifying to periodic recharges of the shallow system from
below.

This is well documented in the products of the last two
eruptions: the caldera-forming explosive eruption of the rhy-
olitic Upper Pumice (UP), emplaced as a thick pumice-rich
pyroclastic deposit, and the following effusive activity of the
rhyodacitic Post Caldera Domes (PCD). Both these activities
are rich in mafic components that can be defined as mafic
crystal-rich clasts (CRCs) in the UP and magmatic enclaves
in the PCD (Braschi et al., 2012, 2022) (Fig. 2b—c, e—f). The
age of these two events is constrained at 46.8 + 5.7 ka (Mar-
gari et al., 2007) and 58.4 4= 2.7 ka (Popa et al., 2020) for the
UP, based on a *C core sample and U/Th on zircon, respec-
tively, whereas the age of the PCD has been inferred on the
basis of field observations to be in the range of 31-10ka (see
Braschi et al., 2012). New zircon U/Th dating by Locher et
al. (2025) confirms the previous estimates, constraining the
dome crystallization between 26 and 13 ka. This suggests a
significant period of quiescence in the magmatic activity be-
tween the two events (at least 30 kyr), which is consistent
with the petrological reconstruction of the PCD derivation
from a post-UP system evolved from the UP magma residue
(Braschi et al., 2012).

The UP rhyolites show a homogeneous composition, with
chemical and isotopic characteristics well distinct from those
of the PCD rhyodacites (Braschi et al., 2012, 2022; Fig. S1
in the Supplement). PCD lavas instead display compositional
variations, depicting well-defined time-dependent trends to-
wards less evolved compositions (Fig. S1). The mafic melt
intruding into the UP evolved chamber generated crystal-rich
clasts (CRCs) that are highly heterogeneous in composition,
ranging from mainly andesite to dacite, and generally more
evolved than the PCD enclaves, which instead range from
basaltic andesite to andesites (Fig. S1). These enclaves dis-
play rather homogeneous geochemical and isotopic charac-
teristics that are again well distinct from those of the CRCs
hosted in the UP (Fig. S1).

Finally, petrographic, geochemical, and isotopic evidence
(Braschi et al., 2012, 2022) has indicated a notable increase
in the extent of the mingling process with time (i.e., from
the UP to the PCD stage and from the oldest to the youngest
domes). This argues for a change in the conditions of magma
interaction (e.g., compositional contrast and time of interac-
tion) between the two phases of activity, as further discussed
in Sect. 5.

Eur. J. Mineral., 37, 793-817, 2025



796 E. Braschi et al.: Magma dynamics and plumbing system at Nisyros

(b) Cape Katsouni North
03z
Nisyros
8 Boriatico
P A Rifes. o5, F
Rz P ( O \
( a) Ssy, Ridge g‘% ars * /f N /
9 / . o4 Stfrna 5 \
,:I Pre-Caldera stage products || Z p) A A/
_ ( “Profits Elias  “\[\"/" [
v . . 7 N * N ¢ / )
K ><Lower Pumice pyroclastics é/ \\) 7 e/ \(&(\ ‘
' RN n - o V&
@Nikia lavas /.‘ J /AN 4 NS
; ; ~ * * ) =\~ ‘% Lofos f
E Upper Pumice pyroclastics g< *\ Trapesina 1 craters
(UP) - * \ * O ) AN
— | Post-caldera dome (PCD): Kateros ( o Karaviotis /'/ % g S \/\\ -~
~older domes | younger domes| / X N2 /
{ aldera rim
* Vent \ /"’\ / M
®  Sampling point — N )r/ ) p %
3 ) N )
o (
) Lefkos & e > (S %
« &~
z ‘ 2 QA
Avlaki &
N 27°08'| N 27°10° N 27°12’|

Figure 1. Geological sketched map reporting the distribution of pyroclastic deposits and lava domes erupted in the recent activity of Nisyros.
In green — the Upper Pumice (UP) pyroclastites, in yellow — the six main dome edifices of the Post Caldera Domes (PCD). Different shades
of yellow refer to the relative age of the domes according to Vougioukalakis (1993) and Dietrich (2018).

3 Samples and methods

For the purpose of this study, selected representative sam-
ples were chosen for mineral chemistry analysis for a to-
tal of 11 samples from UP and 17 from PCD (Table S1 in
the Supplement). All data of the UP samples are available
at https://ecl.earthchem.org/view.php?id=2230 (last access:
1 October 2025) and in Mastroianni et al. (2022). The pla-
gioclase composition of the PCD samples is reported in the
supplementary material 2 of Braschi et al. (2014). New, un-
published data on olivine, pyroxenes, amphibole, oxides, and
glasses of the PCD and CRC samples reported in this study
are provided in Table S2.

Mineral chemistry analyses were performed at the micro-
probe joined laboratory of the CNR-IGG and the Department
of Earth Sciences of Florence. The instruments used were the
JEOL Superprobe JXA8600 and the new JXA8230, equipped
with four and five wavelength dispersion spectrometers, re-
spectively. Analytical conditions were a 15kV accelerating
voltage, 10 to 20 nA beam current, and focused beam, except
for feldspar and glasses, where the beam was defocused to 5
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and 10 um, respectively, to reduce diffusion effects on alkali.
See the Supplement and Table S2g for further details.

4 Petrography and mineral chemistry

The petrography (Figs. 3 and 4, S2 and S3) and min-
eral assemblage composition (Figs. 5-7) of both PCD and
UP juveniles are described hereafter. We distinguish phe-
nocrysts (> 0.6 mm), micro-phenocrysts (0.4-0.6 mm), mi-
crolites (0.1-0.2 mm), and groundmass (< 0.1 mm) accord-
ing to their crystal size.

4.1 Petrography of the UP pumice and PCD lavas

The rhyolitic UP pumice samples are low porphyritic
(< 5vol % of phenocrysts) and show a glassy, highly vesic-
ulated, fluidal groundmass (Fig. 3c, d). In contrast, the PCD
rhyodacites are highly porphyritic (up to 30 vol %—40 vol %
of phenocrysts) with a cryptocrystalline to glassy ground-
mass (Fig. 3g).

Plagioclase is always the most abundant phenocryst both
in UP pumice and PCD lavas. It is also present as micro-

https://doi.org/10.5194/ejm-37-793-2025
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Figure 2. Field images of representative outcrops for UP (a-b) and PCD (d-e). (a) Basal fallout deposit near the village of Mandraki;
(b) detail of the pumice fallout deposit hosting a representative example of Type-A CRC; (c) representative sample of Type-C CRC with
a crenulated surface; (e) field overview of Boriatico, in the foreground, and Nifios domes, with the two peaks of the Profitis Elias dome in
the background; (f) outcrop of the Trapesina lava dome hosting enclaves of variable sizes; (g) representative sample of a magmatic enclave
found in the Boriatico lava dome, characterized by typical rounded vesicles and a chilled margin.
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Post Caldera Domes

Figure 3. Hand specimen (a-b) and microscope (c-l) images showing and comparing the main petrographic features characterizing UP
pumice samples and PCD lavas. (a) Detail of the fallout deposit composed of white pumice lapilli; (b) detail of the Karaviotis dome outcrop
where abundant enclaves are exposed on the surface; (c—d) representative plane-polarized microscope images of UP pumice with a fluidal,
highly vesicular structure and plagioclase (pl) and orthopyroxene (opx) phenocrysts, aggregated with oxides (ox); (e—f) contact between
pumice and CRC in a banded pumice sample (plane- and cross-polarized light, respectively); (g-h) representative plane-polarized micro-
scope images of PCD lava with a glassy, cryptocrystalline groundmass and phenocrysts of subhedral, clear plagioclase and orthopyroxene
(aggregated with oxides); and (i-1) contact between the lavas and enclave with incipient disaggregation (plane- and cross-polarized light,

respectively). cpx — clinopyroxene, ol — olivine, amp — amphibole.

phenocryst and microlite, and it is the prevalent mineral
phase forming the PCD lava groundmass. Phenocrysts and
micro-phenocrysts in UP pumice have a euhedral shape and
are characterized by concentric or oscillatory zoning, they
are frequently broken, and they are found as single crys-
tals or aggregated (Fig. 3c). In the PCD lavas, plagioclase
instead shows wide variability and can be subdivided into
different types (Braschi et al., 2014). The most represen-
tative type includes large (up to 5 mm), poorly zoned phe-
nocrysts and micro-phenocrysts, with a subhedral, rounded
shape (Fig. 3g). The other types consist of (i) subhedral
phenocrysts and micro-phenocrysts with inner dusty sieved
zones and a thin, clear rim; (ii) euhedral phenocrysts and
micro-phenocrysts with coarsely sieved cores; and (iii) eu-
hedral unzoned micro-phenocrysts and microlites.
Orthopyroxene is subordinate to plagioclase in both
lithologies and mainly occurs as subhedral phenocrysts and
micro-phenocrysts, usually found in aggregates with oxides
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(Fig. 3d, h). Clinopyroxene is rare in UP pumice and is gen-
erally present as micro-phenocrysts and microlites. In PCD
lavas, clinopyroxene is less abundant than orthopyroxene as
phenocryst and micro-phenocryst, but it becomes prevalent
as microlites and groundmass. Clinopyroxene phenocrysts
often occur as aggregates with orthopyroxene and oxides
with a subhedral shape (Fig. S2c).

Olivine is rare and small (<300 um) in the PCD lavas,
usually with an anhedral, rounded shape and an oxidated rim
(Fig. S2a).

A key feature that differentiates PCD lavas from UP
pumice is the presence of several aggregates in the for-
mer, revealing the multi-component nature of this magma:
(1) glomerocrysts (0.6—5 mm) of resorbed quartz, frequently
aggregated with subhedral plagioclase and occasionally with
clinopyroxene; (2) mafic aggregates (0.6-2 mm), formed by
phenocrysts and micro-phenocrysts of orthopyroxene and
oxides, clinopyroxene and oxides, or olivine with ortho- and

https://doi.org/10.5194/ejm-37-793-2025
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clinopyroxene plus oxides; and (3) micro-enclaves (0.5 to 4—
5mm) with a rounded shape and microcrystalline to acicu-
lar textures (Fig. S2e), representing small fragments of the
main mafic enclaves dispersed inside the rhyodacitic dome
lavas. The micro-enclaves are more abundant in the younger
dome (i.e., Boriatico; see Fig. 1), indicating the increasing
extent of mechanical disaggregation (magma mingling) with
time within the PCD system. These features are absent in the
UP, where micro-mingling is less developed than in the PCD
(Braschi et al., 2014, 2022).

4.2 Petrography of the UP CRCs and PCD enclaves

At the macroscale, both CRCs and PCD enclaves show sharp
contacts with their host (Fig. 2b, e) and appear as discrete
bodies within their pumice or lava hosts. In the UP, interbed-
ded contacts between the pumice and CRCs are also fre-
quently observed (Fig. S3a, b). In the PCD, the contacts be-
tween enclaves and host lavas are frequently characterized by
a chilled margin with variable thickness (Fig. S3c, g). They
usually show crenulate or convolute surfaces (Fig. 4a—c).

At the microscale, the boundaries between the PCD en-
clave and the host lavas show evident disaggregation features
(Fig. 3i, 1) or evidence of single-crystal exchange (Fig. S3d,
g). This corroborates the origin of the enclaves as discrete
bodies when both the refilling and the host magmas were still
molten (Braschi et al., 2012, 2022).

The CRCs show heterogeneous textures (Mastroianni et
al., 2022) with a paragenesis dominated by plagioclase with
subordinate ortho- and clinopyroxene or amphiboles, in vari-
able proportions, and minor oxides.

CRCs have previously been classified into three different
types (Braschi et al., 2022; Mastroianni et al., 2022) accord-
ing to textures. Type-A CRCs have a highly vesiculated, open
microcrystalline structure (Fig. 4a, d, e); Type-C CRCs have
a well-defined network of elongated, joined microcrystals
forming a diktytaxitic structure (Fig. 4b, f, g); and Type-B
CRCs have intermediate characteristics between Type-A and
Type-B.

In all types the groundmass is formed by a microlite net-
work of plagioclase and amphiboles in variable proportions.
Phenocrysts and micro-phenocrysts are rare, especially in
Type-A, where the size distribution is more continuous.

Amphibole is present in all CRCs, but it occurs in differ-
ent proportions (more abundant in Type-C) and shapes. In
Type-C, amphiboles show a tabular to elongated shape rang-
ing in size from micro-phenocrysts to microlites and form a
network with acicular plagioclase (Fig. 4f, g). In the other
two types (A and B), they are usually tabular with euhedral
shapes, similar to plagioclase (Fig. 4d, ). In some cases, am-
phibole replaces clinopyroxene or forms symplectitic inter-
growth aggregates with it, which are interstitial in the plagio-
clase network (Fig. S4a). Clinopyroxenes are present as sub-
hedral crystals with evident zoning or form aggregates with
orthopyroxene (Fig. S4b, e). Olivine occurs as rare micro-
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phenocrysts and microlites, showing subhedral shapes with
partially oxidized rims (Fig. S4b). Oxides are sporadic, usu-
ally appearing as micro-phenocrysts with subhedral shapes.

The PCD enclaves have hypo-crystalline, diktytaxitic tex-
tures, with a low porphyritic index (< 5vol %) and a par-
agenesis dominated by acicular plagioclase and amphibole
(Fig. 4c, h, 1), with minor clinopyroxene and oxides and sub-
ordinated olivine. Phenocrysts mainly consist of dusty sieved
plagioclase with a subhedral shape (resembling those present
in the lava host, Fig. S3h) or minor euhedral plagioclase with
a tabular shape and resorbed cores. Amphiboles are occa-
sionally zoned with an elongated to acicular shape, and they
form, together with plagioclase, the diktytaxitic network typ-
ical of quenched magma batches (Fig. S4f). Clinopyroxene
is usually small and present as isolated micro-phenocrysts or
microlites (Figs. S2f and S4c), frequently showing amphi-
bole overgrowth; occasionally it also occurs as olivine rims
(Fig. S4d). Olivine is present only in a few enclaves (irre-
spective of their evolutionary degree), occurring mainly as
micro-phenocrysts, usually with a subhedral, rounded shape
and oxidized rims (Figs. S2b and S4d). Oxides are small with
a euhedral shape and variable abundance among the enclave
population.

Similar to the PCD lavas, the enclaves host different types
of aggregates: (1) mafic aggregates, similar to those found
in the dome lavas; (2) gabbroid aggregates with olivine, pla-
gioclase, pyroxenes, and oxides; and (3) sub-enclaves, with
a structure and mineral assemblage similar to those of the
main enclaves in which they are enclosed but with a smaller
grain-size groundmass and a totally aphyric texture.

According to their petrological characteristics, the CRCs
and PCD enclaves are both interpreted as magmatic enclaves
formed by the mechanical interaction between a mafic re-
filling magma and an evolved host. Further, their microcrys-
talline diktytaxitic network made of acicular crystals forming
the groundmass and the occurrence of chilled margins indi-
cate that they formed by rapid crystallization due to the un-
dercooling generated by a high thermal contrast (e.g., Blake
and Fink, 2000; Coombs et al., 2002). For the former, we
maintain the CRC term used in Braschi et al. (2022) both for
consistency and to stress the importance of their volcanolog-
ical origin, which is different from that of the PCD enclaves.

4.3 Mineral chemistry

The mineral chemistry of the investigated volcanic products
has been determined in selected, representative samples (Ta-
ble S1). Results are described below and reported in Ta-
ble S2a—f.

4.3.1 Olivine

In the UP, only a few olivine analyses have been performed
on micro-phenocrysts from the pumice and two CRC sam-
ples (Type-A and Type-C). In the pumice, two cores have a
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Upper Pumic
i ,( ’,

Figure 4. Hand specimen (a—c) and microscope (d-i) images showing and comparing the main petrographic features characterizing UP
CRCs and PCD enclaves. (a-b) Hand specimen of a UP CRC Type-A and Type-C sample collected in the fallout and lag-breccia deposit,
respectively; (c¢) representative image of a magmatic enclave in the PCD with a typical fluidal shape; (d—e) plane- and cross-polarized light
microphotograph of a CRC Type-A sample, showing a typical open structure with broken crystals of mainly plagioclase (pl), amphibole
(amp), and orthopyroxene (opx); (f—g) plane- and cross-polarized light microphotograph of a CRC Type-C sample, showing the typical
diktytaxitic structure of the groundmass with interconnected acicular plagioclase (pl) and tabular amphibole (amp); and (h—-i) plane- and
cross-polarized light microphotograph of a PCD enclave, showing the typical diktytaxitic structure of the groundmass characterized by a

network of elongated plagioclase (pl) and amphibole (amp).

low forsteritic composition at Fogg and one core at Fog;. In
CRCs, the analyzed olivine is normally zoned with cores at
Fo7g_g3 and rims between Fo77_79 (Fig. 5). In PCD, olivine
has been analyzed in both lavas and enclaves, showing simi-
lar compositions with homogeneous cores at Fogs g in phe-
nocrysts and micro-phenocrysts. Phenocrysts show negligi-
ble zoning, whereas micro-phenocrysts display a relatively
small normal zoning down to Fo77 rims. Microlites mainly
have Fogy_g4 composition without evident zoning. In general,
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no relevant compositional variations are observed from the
older to the younger PCD systems (Table S2a).

4.3.2 Orthopyroxene

Orthopyroxenes are enstatite with a large range of Mg# from
0.54 to 0.82 (Table S2b).

In UP pumice and PCD lavas, orthopyroxene displays sim-
ilar compositions overlapping at Mg# between 0.58-0.60
(Figs. 6a, S5a, b). This is also confirmed by the compara-
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Figure 5. Histogram of core—rim olivine compositions, expressed
as Fo % (forsterite) content, in the UP and PCD juveniles. Colors
distinguish the UP pumice (light green) and CRCs (green) from the
PCD lavas (yellow) and enclaves (orange). Filled, open, and banded
histograms represent the core, rim, and groundmass (gdm), respec-
tively, as shown in the legend.

ble content of minor elements such as Al,O3, MnO, TiO»,
and CaO (Fig. S6a, b; Table S2b). In detail, a small shift to-
wards a more Mg-rich composition can be recognized in the
orthopyroxenes from the PCD lavas with respect to pumice,
with Mg# up to 0.67 (Figs. 6a, S5a, b). Small inverse zon-
ing is observed in both the orthopyroxene from the pumice
(e.g., from 0.59 to 0.60 Mg#) and the lavas (e.g., from 0.60
to 0.61 Mg#). Microlites are only present in the PCD lavas
showing higher Mg# (0.75-0.78), CaO, and Al,O3 and lower
MnO than phenocrysts and micro-phenocrysts (Fig. S6a, b).

In CRCs and enclaves the orthopyroxene composition is
more variable and scattered, especially in the CRC samples
(Fig. 6b).

In the PCD enclaves, phenocrysts and micro-phenocrysts
show a narrow peak at Mg# 0.61 (both cores and rims), which
overlaps with that of the phenocrysts and micro-phenocrysts
in the lavas, with only minor scatter toward Mg-rich com-
positions. Notably, the groundmass shows a distinct, less
evolved composition (Mg# 0.73-0.80), again overlapping
with that of the groundmass of the corresponding lavas.

In the CRCs, orthopyroxene shows a larger compositional
variability. It occurs mainly as microlites, grouped around
three well-distinct Mg# intervals at 0.52-0.55, 0.62-0.66,
and 0.79-0.81. The largest variability was found in Type-A
samples, including normally zoned micro-phenocrysts with
a high-Mg# core (0.77-0.81) and rims down to Mg# 0.56—
0.58. (Fig. S5a).

The distinctive behavior of orthopyroxenes belonging to
the CRCs with respect to those found in pumice, lavas, and
enclaves is also confirmed by Al,O3, CaO, TiO,, and MnO
(Fig. 6a, b; Table S2b). In particular, CRC orthopyroxene de-
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fines a broad inverse correlation between Mg# and Mn, with
an absolute lower MnO content than that of all the other litho-
types (Fig. S6b). This indicates that the orthopyroxenes in the
CRCs formed within a different magmatic environment fol-
lowing specific crystallization paths. The increase in MnO
follows that in FeO, as expected in an evolving magma. No-
tably, the observed trend is defined by microlites, which pro-
vide snapshots of the crystallization history of the magma
batch. Their progressive compositional variation testifies to
the rapid liquid evolution during cooling of the CRC magma
when intruding into the pumice host. Accordingly, significant
chemical variation among microlites is used in the following
sections as evidence of rapid crystallization.

4.3.3 Clinopyroxene

Clinopyroxenes have a general augitic—diopsidic composi-
tion, with large Mg# variation, ranging from 0.65 to 0.85
(Table S2c¢).

Only two micro-phenocrysts were analyzed in the UP
pumice, with Mg# of 0.68 and 0.72. In contrast, a few micro-
phenocrysts and many microlites were investigated in the
PCD lavas, depicting a wide variability in core composi-
tion, with a mode from Mg# 0.78 to 0.85 (Fig. 6¢). How-
ever, a few cores display lower Mg# between 0.75 and 0.72.
Rims and groundmass encompass the same Mg# range as the
cores. Zoning is limited and, when present, always reversed
(Figs. 6c, S6¢).

In CRCs, clinopyroxene crystals are mainly micro-
phenocrysts, depicting a well-defined peak at high Mg#
(0.84-0.85), but a group of crystals at lower Mg# (0.68-0.76)
is also present. This second group also includes the rims of
the high-Mg# micro-phenocrysts, hence having large normal
zoning (Figs. 6d, S5c¢).

The clinopyroxene of the PCD enclaves shows a marked
variability, broadly overlapping with the composition of the
crystals of the dome lavas (Fig. 6d), with most crystals in the
Mg# range of 0.79-0.85. Zoning is mainly normal for micro-
phenocrysts (Figs. 6d, S5¢), whilst it is absent for microlites.
Within the PCD system, no systematic variations in clinopy-
roxene composition with age are observed.

Differently from orthopyroxene, clinopyroxene show the
same zoning pattern in CRCs and PCD enclaves.

In general, Mg# is not correlated with CaO, in con-
trast to NapO and MnO, which show an inverse correla-
tion, with CRCs showing on average lower MnO than all the
other lithotypes, similar to orthopyroxene (Fig. S6d). Al,O3
(and TiO;) shows a complex distribution compared to Mg#
(Fig. S6¢): some crystals define a trend of decreasing Al (and
Ti) with Mg# (pattern 1 in Fig. S6c¢), whilst others show the
opposite (pattern 2 in Fig. S6¢). High-Mg# phenocryst cores
belong only to pattern 1, whilst groundmass and most of the
microlites and rims follow pattern 2 (Fig. Séc).

The increase in the Al content with decreasing Mg# sug-
gests that clinopyroxene crystallizes when plagioclase is not
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Figure 6. Histogram of core-rim pyroxene composition in the UP and PCD juveniles. (a-b) Orthopyroxene composition, expressed by
Mg#, calculated as molar Mg/(Mg——Fe2+ +Fe3t 4+ Mn), comparing pumice with PCD lavas (a) and CRCs with PCD enclaves (b). (c—
d) Clinopyroxene composition, expressed by Mg#, calculated as molar Mg/(Mg——Fe2+ +Fe3t + Mn), comparing pumice with PCD
lavas (¢) and CRCs with PCD enclaves (d). Symbols and colors are the same as those in Fig. 5 and are shown in the legend (dark green color

refers to CRCs).

stable, likely reflecting different crystallization pathways oc-
curring under different conditions (in temperature or water
content) with respect to pattern 1.

4.3.4 Plagioclase

Plagioclase display a very large compositional variability
from anorthite to andesine and oligoclase, indicating wide
zonings and complex crystallization histories.

The history of PCD plagioclases and, partially, those of
the UP, were widely discussed in Braschi et al. (2014). For
this study, we compare the existing data with the new data
acquired on the plagioclases from the UP CRCs to explore
possible differences or analogies.

An evident peak at low An % content (Anps_35) iS ob-
served for plagioclase belonging to PCD lavas, enclaves, and
UP pumice (Fig. 7a—c) and corresponds to groundmass crys-
tals and large, subhedral phenocrysts (Figs. 3g, S3g, h). This
agrees with the rhyodacitic composition of the melts form-
ing the PCD lavas and UP pumice but contrasts with the less
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evolved signature of PCD enclaves. In any case, these low-
An phenocrysts usually show small, normal zoning in the UP
pumice, while in the PCD lavas, zoning is more variable and
includes crystals with reverse zoning, with rims at intermedi-
ate composition (up to Angp_70). In the PCD enclaves, low-
An phenocrysts show dusty sieved bands (Fig. S2h) and large
inverse zoning recorded by clear, thin rims at Anyg_go up to
Ang (Fig. 7a—c). Notably, low-An phenocrysts are not found
in the CRCs.

High-An plagioclases are not found in the UP pumice but
are recurrent in the PCD lavas, where two peaks are de-
fined at Angs_70 and Any5_go by some phenocrysts, micro-
phenocrysts, and minor microlites with a euhedral shape
(Figs. 7b, S3h, g). In the PCD enclaves, the majority of the
plagioclase population is characterized by high-An compo-
sition, as expected for basaltic andesite. They do not show
uniform compositions but define two distinct peaks: euhe-
dral phenocryst cores cluster at Angs_gs (Fig. 7c), whereas
groundmass, microlites of the diktytaxitic network, and
micro-phenocrysts cluster at Anyq_7s.
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Figure 7. Principal compositional characteristics of plagioclase (a—c) and amphiboles (d, e) analyzed in the UP and PCD products. (a—
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micro-phenocrysts, and microlites) and zones (core and rim), as shown in the legend.

The plagioclase from CRCs broadly overlaps with the
compositional range of that of the PCD enclaves at Angs_gs.
It occurs mostly as micro-phenocrysts, with only a few (nor-
mally zoned) phenocryst cores at Angs_go. A few intermedi-
ate compositions at Angp_45 were found only in phenocrysts
and micro-phenocrysts analyzed in a microcrystalline layer
of a banded pumice, suggesting the presence of an interme-
diate, hybrid boundary between the UP host and the CRC-
forming magma.
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4.3.5 Amphiboles

Amphiboles are the dominant mineral phase of most PCD en-
claves and Type-C CRCs, forming the diktytaxitic network
together with plagioclase. They are less abundant in Type-
A and Type-B CRCs, where plagioclase and orthopyroxene
predominate. In the UP pumice and PCD lavas, amphiboles
do not crystallize and are occasionally present only as acci-
dental crystals entrained form the mafic magma.

The amphibole composition is shown in Figs. 7b—c and
S7 and is reported in Table S2d. Amphiboles are classified

Eur. J. Mineral., 37, 793-817, 2025
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as ferri—titan tschermakite with minor magnesio-hornblende
found in the CRCs (Fig. S7b) according to Ridolfi (2021) and
Locock (2014). In general, they partially overlap in compo-
sition yet show well-distinct trends between the two popula-
tions characterizing the CRCs and PCD enclaves.

The Mg# of amphibole in CRCs ranges from 0.55 to 0.75,
with a mode value around 0.61 at a less evolved composition
than that in PCD enclaves, which shows a wide variation with
a main cluster between 0.68 and 0.78 (Fig. 7d). Zoning is
reversed (but limited) in CRC amphibole, whilst it is mainly
normal in PCD enclaves.

Other compositional parameters confirm the distinct be-
havior of the amphiboles from PCD enclaves and CRCs
(Fig. S7a). Al,O3wt% in the enclaves is clustered at
12 wt %—13 wt %, with values up to 15 wt %; in CRCs it is in-
stead more heterogeneous, ranging from 6 wt % to 13 wt %.
The distribution of Al in the amphibole is a parameter that de-
pends on the different physico-chemical conditions of crys-
tallization, and its variability can be correlated to (i) magma
evolution (affecting the Si—AI'Y substitution), (ii) tempera-
ture (driving the A1VI-Ti substitution), (iii) oxygen fugac-
ity (AIVI-Fe3t substitution), and (iv) pressure. In Fig. 7e
the amphiboles from CRCs show a broad correlation be-
tween ALY and Ti, indicating a decrease in temperature that
is consistent with progressive magma cooling during amphi-
bole crystallization (Krawczynski et al., 2012; Ridolfi, 2021).
In contrast, amphiboles in the PCD enclaves do not show
systematic variations. This indicates that the mafic magmas
forming the enclaves had a similar temperature and that cool-
ing was efficient and rapid enough to produce massive crys-
tallization, buffering the amphibole composition.

A1Vl is lower and less variable in CRC amphiboles than in
PCD enclave amphiboles, where it is also broadly correlated
with Mg# (Fig. S7d). These variations in AlV! are probably
linked to the effect of oxygen fugacity, which is also reflected
by Fet/(Fe3T 4+ Fet) behavior (Fig. S7c). In particular,
among the PCD enclaves, those erupted in the older domes
show a higher Fe3* content, indicating a possible decrease in
SOz over time. Overall, the amphibole data indicate higher
fOo, faster cooling, and a less evolved composition for PCD
enclaves than CRCs.

4.3.6 Oxides

Only a few oxides were analyzed (Table S2e). They are Fe—Ti
oxides, most of which belong to the ulvéspinel-magnetite se-
ries, with 20 % ulvospinel content, whereas the others belong
to the ilmenite—hematite series, with 79 % ilmenite content,
following the scheme of Stormer (1983). The latter occur
mainly in the PCD lavas as phenocryst or micro-phenocryst
aggregates with pyroxenes. A few ilmenites are present in the
UP (pumice and CRCs) and in the enclaves of the old PCD,
but none was found in the younger PCD enclaves, where only
magnetite microlites are present. In general, Fe—Ti oxides are
pristine, unzoned, and compositionally homogeneous irre-
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spective of crystal size. Only a small variability in their com-
position is detectable in the younger PCD enclaves, which
shows a slight decrease in the ulvospinel component towards
the younger PCD enclaves.

4.4 Glass chemistry

The matrix glass composition of UP and PCD products is
reported in Mastroianni et al. (2022) and in Table S2f and
shown in Fig. S8.

All glasses have a highly evolved composition, with sil-
ica content over 74 wt % and K,O ranging from 3.5 wt % to
6 wt %, showing a general overlap among all lithotypes, al-
though those from the PCD depict a large scatter.

In the UP, pumice glasses are more homogeneous than
glasses from the CRCs (similar to whole-rock compositions),
with an average content of 77.5 wt % and small variation for
all the other major elements. The CRC glasses, although less
homogeneous, depict systematic behavior, outlining well-
defined compositional ranges depending on samples and tex-
ture types.

For the PCD, only a few consistent glass analyses could be
obtained from dome lavas due to the cryptocrystalline tex-
ture of the groundmass, especially in the younger domes.
Most analyses belong to the older PCD and show predom-
inantly silica values > 78 wt % and K;O up to 5.05 wt %, be-
ing slightly more evolved than the glasses of the UP pumice
(Fig. S8a). Glasses from the younger PCD have slightly
lower silica content compared to the older ones and more
variable content in the other major elements (Fig. S8 and Ta-
ble S2f). On the other side, the glasses from PCD enclaves
are generally less evolved than those of PCD lavas, with sil-
ica content ranging from 74.8 wt % to 78.6 wt %, thus encom-
passing the whole silica range. They also show a larger com-
positional scatter than CRC glasses, with less systematicity
related to the single sample, although Al,O3 and FeO show
a broad inverse correlation with silica (Fig. S8b, d). Notably,
the PCD enclave glasses are found as small interstitial sects
around the diktytaxitic voids and are hence prone to a higher
variability depending on local crystallizing paragenesis.

5 Discussion

The mineral chemistry characteristics of the UP and PCD
products depict a complex picture revealing an intimate cor-
relation between mineral composition and petrographic char-
acteristics.

In our previous study on plagioclase, we already demon-
strated that the observed compositional bimodality in the
PCD is indicative of intense single-crystal exchange phe-
nomena between the rhyolitic host and the enclave-forming
mafic melts that mingled in the magma chamber before the
eruption (Braschi et al., 2014). Moreover, in situ isotopes
revealed that low-An plagioclase phenocrysts are inherited
from the previous UP rhyolitic magma that represents the
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silica-rich system from which the PCD lavas are derived
through open-system evolutionary processes (post-UP stage
of Braschi et al., 2012). PCD lavas have thus been interpreted
as multi-component magmas formed by progressive min-
gling/mixing processes due to intrusion, dispersion, and pro-
gressive disaggregation of the mafic, enclave-forming mag-
mas with time. With this in mind, here we evaluate the role
of femic phases to further detail the dynamics of interactions
and their evolution through time.

5.1 Evidence from mineral (dis)equilibrium conditions in
the UP and PCD systems

During standard crystallization, each mineral phase is in
equilibrium with the relative melts. Considering the large
and variable compositions of the different mineral phases
forming the UP and PCD products, we aim to reconstruct
the crystallization conditions of the mafic phases by testing
their equilibrium with the magmas from which they crys-
tallized and thus to constrain the history and evolution of
such magmas. The equilibrium conditions can be defined for
each phase by the balance of its chemical components in
terms of FeO-MgO exchange, relative to those of the equi-
librium melt (Putirka, 2016, and references therein). To do
this, the relationships between molar FeO/MgO of femic
phases and equilibrium melts were compared to experimen-
tally or thermodynamically derived Kd,,; (Fig. 8). Follow-
ing Putirka (2016), we used Kd,; of 0.3 0.03 for olivines,
0.29 £ 0.06 for orthopyroxene, and 0.27 4= 0.03 for clinopy-
roxene as representative of the equilibrium interval. We as-
sumed the whole rock (Braschi et al., 2012, 2022) of the dif-
ferent samples to be the representative composition of melt,
being aware that it may average many different components
(especially for the PCD lavas). We did not use the glass com-
position measured in the enclaves and CRCs (Table S2g)
due to its extremely evolved composition. PCD enclaves and
CRCs are indeed the residual melt resulting from the final
massive crystallization and are thus not representative of the
magmas from which the mafic phases crystalized. Similarly,
the cryptocrystalline groundmass of the PCD lavas did not
allow for the analyses of consistent, representative melt com-
position.

Regarding olivine (Fig. 8a), all the micro-phenocrysts be-
longing to the PCD lavas and one from UP pumice have
lower FeO/MgOno values than the equilibrium interval.
They mainly fall in the Mg-enriched portion of the plot, thus
being more forsterite rich than equilibrium. Notably, these
olivine crystals have the same range of FeO/MgOp,,) values
as those analyzed in the respective CRCs or enclaves. This is
clear evidence that they originate in the mafic melt, and they
are transferred to the host rhyolitic magmas through enclave
microscale disaggregation.

The olivine of the PCD enclaves, in contrast, shows
FeO/MgOy,o values that generally overlap with the equi-
librium interval, irrespective of their size, indicating that
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they crystallized directly from the mafic magma and were
preserved during ascent. Some of the olivine crystals show
zoned rims with higher FeO/MgOn values, correspond-
ing to a less forsteritic composition (down to Fo77), indi-
cating crystallization from a magma that was progressively
evolving during enclave quenching. This behavior is indeed
a consequence of the rapid melt evolution during the spe-
cific process of enclave formation (Bacon, 1986; Anderson
et al., 1984), where the evolving, transient melt is not pre-
served. The olivines hosted in the CRCs show the same shift
to higher FeO/MgOo1, suggesting a similar process for their
formation.

The interpretation of orthopyroxene distribution with re-
spect to the calculated equilibrium Kdy,; (Fig. 8b) is rather
complex, since crystals of different sizes or belonging to dif-
ferent lithologies display heterogeneous behaviors.

All phenocrysts and micro-phenocrysts analyzed in the
UP pumice and PCD lavas show FeO/MgOy,o higher than
equilibrium. Such high FeO/MgOy,, would be in equi-
librium with a more evolved, Fe-rich host magma, with
FeO/MgOy,c between 2.1-2.3 and 2.8, which is, in fact, con-
sistent with that measured in some rhyolitic pumice glasses
of the UP and with the calculated post-UP composition
(Braschi et al., 2012).

We thus suggest that orthopyroxene began to crystallize in
the UP magma, and its crystallization persisted during the pe-
riod between the two eruptive stages (post-UP stage). During
this period, the system evolved further, forming cumulates
that were later incorporated by the PCD rhyodacitic melt.
The abundant occurrence of this high-Fe orthopyroxene in
the PCD lavas indicates the establishment of a dynamic sys-
tem able to remobilize the mush cumulates likely induced by
multiple intrusions of hot enclave-forming magmas (Braschi
et al., 2012, 2014). Accordingly, only the groundmass or-
thopyroxenes of the PCD lavas result in equilibrium with the
relative melts, indicating an in situ crystallization, probably
during the magma ascent or shortly before eruption. Ground-
mass orthopyroxene can crystallize in such evolved melts be-
cause of the high Si0,/MgO and Al,O3 content in the melt,
together with the general reheating of the system and ap-
propriate fO; conditions (i.e., Elburg et al., 2006; Larsen,
2006). Its occurrence may also imply low ascent rates and
H,O0 loss for the PCD lavas during their effusive emplace-
ment, hence providing enough time to nucleate and crystal-
lize the groundmass, in contrast to pumice.

The same FeO/MgOp, shown by orthopyroxene phe-
nocrysts hosted in the UP and PCD lavas is also observed
for phenocrysts of the PCD enclaves, which, in addition,
have zoned rims with compositions towards the equilibrium
range. This compositional uniformity (see also Sect. 4.1 and
Fig. 6a, b) is clear evidence that they formed into the same
system and that their occurrence in even PCD enclaves is
a consequence of the single-crystal exchange processes al-
ready observed for plagioclase (Fig. S3d and Braschi et al.,
2012). The shift towards equilibrium conditions recorded by
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the rims is indicative of a progressive re-equilibration with
the mafic magma, depending on the interaction time. The
groundmass orthopyroxene of the PCD enclaves shows val-
ues near the equilibrium interval, compatible with crystal-
lization in progressively evolving melt during enclave for-
mation.

A different history is recorded by the orthopyroxene from
the CRCs, as also suggested by the compositional behav-
ior described in Sect. 4.3.2. It displays a large spread in
FeO/MgOno1, with compositions shifting from equilibrium
(only a few crystals) towards high values (up to 0.78). Simi-
lar to what is observed for olivine, this relates to a relatively
rapid crystallization process in a progressively more evolved
magma, probably during CRC formation in the UP rhyolites.

Clinopyroxenes provide further complementary evidence
for these processes. The two microlites analyzed in the
UP pumice (Mg# 0.79-0.80) approach equilibrium com-
position, whilst clinopyroxenes from PCD lavas (mainly
micro-phenocrysts and microlites) show a large spread in
their FeO/MgOp,1 (from 0.15 to 0.4) across equilibrium at
both higher and lower values (Fig. 8c). The only two phe-
nocrysts analyzed in the PCD lavas (Mg# 0.71-0.72) have
higher Kdy,; than the equilibrium value, indicating crystal-
lization from a more evolved, Fe-rich melt. Similar to what
is observed for orthopyroxene, the melt in equilibrium with
the phenocrysts would have a high FeO/MgOo1, compa-
rable to that of the UP pumice (as can be inferred from
Fig. 8c). This confirms that these phenocrysts started to crys-
tallize in the UP system, forming the same mush cumu-
lates later remobilized within the PCD lavas, as also vali-
dated by the similar petrographic characteristics (subhedral
crystal aggregates with oxides; see Sect. 4.1). The clinopy-
roxene of both the CRCs and the PCD enclaves (mainly
normally zoned micro-phenocrysts and microlites) depicts
the same behavior of olivine and CRC orthopyroxenes and
testifies to rapid crystallization with progressive change in
the melt composition, as also demonstrated by the high
FeO/MgOy,o of the groundmass. Overall, it is striking that
the whole FeO/MgOp,o range observed in clinopyroxene
micro-phenocrysts and microlites in the PCD lavas perfectly
corresponds to that of the CRCs and PCD enclaves, indicat-
ing that they originated in the mafic melts forming enclaves
and later disaggregated into the host.

The evaluation of the equilibrium demonstrates that the
large compositional variability recorded by the femic phases,
especially pyroxenes, is acquired during crystallization from
different melts at different stages of the UP-PCD transition
within a dynamic, rapidly changing magmatic environment.
These findings can be summarized as follows:

i. The bulk rocks of UP pumice and PCD lavas (used
as representative of the liquid composition) always
have less evolved compositions than those expected
from mineral equilibria. This is due to the presence
of dispersed and disaggregated micro-enclaves (e.g.,
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Humphreys et al., 2009) that increase with time during
PCD activity (Fig. 8).

ii. Orthopyroxene and clinopyroxene phenocrysts crystal-
lized in the UP system, progressively forming a crystal
mush cumulate that was later remobilized into the PCD
lavas, similar to what was already observed for plagio-
clase phenocrysts by Braschi et al. (2014).

iii. Clinopyroxene microlites and the groundmass of the
CRC:s and enclaves indicate rapid crystallization due to
the fast cooling of the evolving enclave-forming magma
during interaction with the evolved host magma.

iv. Orthopyroxenes of CRCs and PCD enclaves show dis-
tinct behavior. In the CRCs, orthopyroxene represents
the principal phase that crystallizes within the evolv-
ing mafic melt, frequently together with clinopyroxene,
with which it forms intergrowing aggregates (Sect. 5.2,
Fig. S4a). In the PCD enclaves, orthopyroxene occurs
mainly as xenocrysts entrained from the evolved host
and crystallizes only as the groundmass at a later stage
of the enclaves’ formation. Such a difference can be
related not only to the different compositions and de-
grees of evolution but also to the different cooling paths
of the mafic-magma-forming CRCs and PCD enclaves
favoring orthopyroxene stability (e.g., Lindsley, 1983;
Krawczynski et al., 2012).

This evidence argues for different physico-chemical condi-
tions in the two mafic systems feeding the evolved reservoir
during the two phases of activity.

5.2 Evidence from the application of
geothermobarometers

Mineral compositions can be used to constrain the crystal-
lization conditions. In the previous section, we highlighted
the heterogeneous composition of all the analyzed phases
within Nisyros products, revealing a complex history and
resulting in evident disequilibrium between minerals and
melts. This is a common feature of volcanic systems charac-
terized by interaction and mingling of different magmas (e.g.,
Browne et al., 2006; Humphreys et al., 2006, 2009; Landi et
al., 2019), and it represents a major problem for the appli-
cation of geothermobarometers based on crystal-liquid ther-
modynamic equilibria (e.g., Putirka, 2008, 2016). We thus
apply a different approach compared to previous studies (i.e.,
Klaver et al., 2017; Popa et al., 2019) based on a careful and
detailed selection of appropriate mineral phases. We particu-
larly consider the mafic products (CRCs and PCD enclaves)
and not only the evolved host (as is usually done by, for ex-
ample, Bachmann et al., 2012, and Popa et al., 2019), be-
cause, despite the former showing a rapid evolution of their
mineral phases (Sect. 5.1), they better retain the original in-
formation with respect to the latter contrast, which instead
displays evident mixed/mingled features.
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Recent advancements in thermobarometry are indeed
driven by the application of single-crystal machine learning
techniques, which are producing a significant methodologi-
cal shift by providing reliable predictions of P-T conditions
of magma storage and migration, and are poised to set the
basis for a novel generation of thermobarometers extending
beyond the paradigm associated with crystal-liquid equilib-
rium (e.g., Petrelli et al., 2020; Higgins et al., 2022; Chic-
chi et al., 2023). Most of these methods focused on clinopy-
roxene thermobarometry (e.g., Petrelli et al., 2020; Higgins
et al., 2022; Chicchi et al., 2023) and subordinately on am-
phiboles (e.g., Higgins et al., 2022). In the case of Nisyros
volcano, clinopyroxenes and amphiboles can be used to con-
strain the crystallization conditions of CRCs and PCD en-
claves, which, as previously demonstrated, crystallized from
mafic magmas rapidly cooled during the interaction with the
evolved host. Therefore, the pressure estimations of CRCs
and PCD enclaves can be considered to be the same as their
respective host magma reservoirs. In particular, they identify
the pressure conditions of the levels where mafic and evolved
melts interacted prior to eruption.

Hereafter, we describe and discuss the P-T conditions ob-
tained from such mafic phases (e.g., Higgins et al., 2022;
Chicchi et al., 2023), integrating the results with estimates
of temperatures, water content, and redox conditions of the
host lavas based on plagioclase and Fe-Ti oxides (Putirka,
2008; Lepage, 2003) (Fig. 9, Table S5).

The results are shown in Fig. 9 and indicate a large P in-
terval between 0.5 and 7 kbar. According to the Chicchi et
al. (2023) geobarometer, clinopyroxenes from the UP sys-
tem (mostly CRCs) cluster between 0.5 and 1 kbar, with a
few scattered higher pressures up to 7kbar (Fig. 9a). The
high pressures are recorded in the cores of zoned micro-
phenocrysts of a Type-C CRC with the highest Mg# (Figs. 6
and SS5) and can be considered an early crystallization in a
deeper level of the plumbing system, before ascent in the
shallow crust.

Clinopyroxene of the PCD system yields more variable
pressures but no clear distinction between PCD host lavas
and enclaves (Fig. 9b—c). This overlapping is perfectly con-
sistent with the origin of clinopyroxene through disaggrega-
tion of the enclaves and dispersion into the host (see previous
paragraph). Within PCD enclaves, two broad clusters can be
identified at < 1kbar and 2.5-3.5kbar. This is particularly
evident in the enclaves of the older domes, whilst those from
the younger ones yield a single peak around 3 kbar (Fig. 9b,
¢). In PCD host lavas, the two clusters are barely visible in
the older domes, where low pressures predominate, but not
in the younger ones, showing a broadly continuous distribu-
tion. The slightly different pressure distribution between the
older and younger PCD host lavas provides further evidence
that enclave disaggregation processes increase with time dur-
ing the PCD activity, randomly redistributing crystals origi-
nated at different pressures. A few crystals at high pressure
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(> 5kbar) were also found in both PCD host lavas and en-
claves.

The clinopyroxene thermobarometer of Higgins et
al. (2022) provides a single range of pressure, from 1.5 to
8 kbar, but does not clearly highlight the presence of spe-
cific clusters. Moreover, it does not yield any pressure be-
low 1.5kbar, which is instead detected by the Chicchi et
al. (2023) method. This is likely due to the larger predicted
errors (and SEE) returned by the Higgins et al. (2022) algo-
rithm (1.8 kbar on average) compared to those (0.5 kbar on
average) calculated by Chicchi et al. (2023). Accordingly, for
clinopyroxene, only the pressures calculated with the method
of Chicchi et al. (2023) is used for the following discussion.

The Higgins et al. (2022) geothermobarometer can also
be applied to amphiboles (Fig. 9d), providing a further in-
dependent constraint. In this case, the method of Higgins
et al. (2022) represents the only available alternative to Ri-
dolfi (2021), also providing slightly lower predicted errors
(1.2 kbar on average) and SEE compared to the clinopyrox-
ene method. Interestingly, the pressures calculated on amphi-
boles broadly confirm the range estimated from clinopyrox-
enes and similarly identify the distinction between CRCs at
lower P clustering around 2 kbar and PCD enclaves showing
a large range from 2 to 7 kbar with a peak around 5 kbar. Sim-
ilar results are obtained using the method of Ridolfi (2021)
(Fig. 9d). Notably, as for clinopyroxene, the results obtained
by Higgins et al. (2022) buffer around 2 kbar with no records
of lower pressures; moreover, they do not detect the two P
clusters for the PCD system.

Overall, combining the evidence from pressure estimates
on both clinopyroxene and amphiboles and referring in par-
ticular to the results of Chicchi et al. (2023), we can sug-
gest the presence of two main storage levels during this phase
of activity of the Nisyros volcano. The UP eruption was fed
by the shallower reservoir, where the mingling processes re-
sponsible for the formation of the CRCs took place. The PCD
activity was, in contrast, fed by both the same shallow reser-
voir and a deeper one. Here the interaction between mafic and
evolved melts occurred at all levels. The younger PCD en-
claves indicate that the interaction occurred mostly at deeper
levels than in the older ones, suggesting a change in the main
localization of the interaction horizon with time.

Temperature results provide information on the thermal
conditions of the mafic magmas. In particular, the highest
values indicate the initial temperatures of the mafic inputs
intruding into the evolved reservoir/s.

The estimations obtained in clinopyroxene by Chicchi et
al. (2023) provide values between 1050 and 1150°C for
CRC:s (clustering at 1100 °C) and from 1000 to 1180 °C for
PCD enclaves. The algorithm of Higgins et al. (2022) for
clinopyroxene returns similar ranges, with slightly lower es-
timated temperature only for the UP system. Amphibole indi-
cates generally lower temperatures than clinopyroxene (820-
1000 °C, Higgins et al., 2022) and clearly discriminates be-
tween CRCs and PCD enclaves (Fig. 9d): the former reach
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lower and variable values, mainly around 850 °C, whereas
the latter provide more homogeneous temperature clustering
at 980 °C. Temperature estimation on amphibole was also
tested using the method of Ridolfi (2021) for comparison
(Fig. 9d). This method is not fully appropriate for applica-
tion to amphiboles formed by the process of quenching, but
the general agreement of the P-T distribution is considered
to further corroborate the evidence of two distinct behaviors
between UP and PCD systems.

In order to understand the different temperature intervals
yielded by clinopyroxene and amphibole and the difference
between the temperature of CRCs and PCD enclaves, the
crystallization conditions of the two mineral phases and their
stability within the two mafic melts should be deciphered,
especially considering the effect of water content.

The water content of the different products has been
determined using the hygrometer (Fig. 9¢) of Waters and
Lange (2015). For the mafic products, results show lower
values in the CRCs compared to PCD enclaves (2.2 wt % and
3.8 wt %, respectively). First of all, this evidence can explain
the general temperature overlap of the CRCs and PCD en-
claves, which seems to be in contrast with the higher degree
of evolution of CRC products (and the lower Mg# of clinopy-
roxene) compared to the PCD enclaves. The lower water
content of the CRC samples compared to PCD enclaves in-
deed allows clinopyroxene crystallization at high tempera-
tures, thus providing similar T values.

Further, the higher T obtained by clinopyroxene com-
pared to amphibole suggests that clinopyroxene started to
crystallize first, probably during the initial intrusion of the
mafic melt into the host, both for CRCs and PCD enclaves
(Fig. 10a). Later, as temperature decreases, the balance be-
tween T and H>O content reaches a suitable condition for
amphibole crystallization (e.g., Krawczynski et al., 2012).
This step occurs differently in CRCs and PCD enclaves, as
also suggested by the distinct compositional behavior of am-
phiboles described in Sect. 4.3.4. In CRCs, the lower water
content (Fig. 9e) allows amphibole crystallization at lower
T than in PCD enclaves. This cooling step is relatively slow
to allow the T-sensitive Al and Ti elements to record a pro-
gressive variation in amphibole composition (Figs. 7d and
S7a) that consequently records the observed large spread in
temperature. In contrast, the PCD enclaves, having a higher
water content, start to crystallize amphiboles at higher T;
this, combined with the efficient T contrast with the host,
generates rapid, massive crystallization, as suggested by the
more homogeneous compositions of amphiboles from the
PCD enclaves compared to those from CRCs (Figs. 7d and
S7a), and is consistent with their petrographic characteristics
(Sect. 4.2).

The role and composition of plagioclase are also depen-
dent on the T-H,O relationships and on the magma com-
position (Sisson and Grove, 1993; Bennett et al., 2019). In
the PCD enclaves, the crystallization of anorthite-rich pla-
gioclases (Angs_gs, Fig. 7c) was favored in an initial stage
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(Fig. 10a), probably before the intrusion into the rhyolitic
host when amphibole became stable (Pichavant and Mac-
donald, 2007; Krawczynski et al., 2012), progressively de-
creasing the water content in the mafic melt. This, together
with the rapid T drop (due to the magma undercooling re-
lated to the contact with the host), favored the stabilization
of less calcic plagioclases (Angs_gp, Fig. 7c) that formed
the groundmass crystal network together with amphiboles
(Fig. 10a). Conversely, in the CRCs, the lower water con-
tent allowed plagioclase (Angs_9p, Fig. 7a) crystallization at
slightly higher temperatures (Fig. 9f), together with pyrox-
ene, until amphibole became stable (Fig. 10a).

This behavior is in good agreement with the compositional
pattern of the clinopyroxene in PCD enclaves (Sect. 4.3.3),
showing progressive enrichment in the Al content (Fig. S6c),
until amphibole and plagioclase become stable. When these
two phases crystallize massively, clinopyroxene is indeed
suppressed, in turn favoring orthopyroxene stability as mi-
crolites in the last stage of crystallization (Fig. 10a).

The thermal conditions of the evolved host magmas can
only be evaluated by the thermodynamic-based thermometer
of Putirka (2008) on plagioclase or by an Fe—Ti oxide ther-
mometer. For the same reason explained in the previous para-
graph, we use the whole-rock compositions as representative
of the liquid, and we compare them to the core composition
of low-An plagioclases. These plagioclase crystals are coher-
ently expected to crystallize from evolved liquids, such those
of the UP pumice and PCD lavas.

The plagioclase-liquid pairs yield similar temperatures for
the two evolved melts, with UP depicting slightly lower val-
ues, at 880 °C, compared to PCD, at 900-920 °C (Fig. 9f).
Fe-Ti oxides yield slightly lower values (Fig. 9g), with UP
at 820 °C and PCD ranging between 780-940°C (with an
average value at 850°). In this case, the high T value is
recorded by a microlite pair, whereas the other values are
provided by phenocryst and micro-phenocryst pairs in ag-
gregate with orthopyroxene. The obtained plagioclase—liquid
temperatures appear generally higher than those expected for
a rhyolitic system in a pre-recharge storage stage (e.g., Popa
etal., 2019). In this regard, it is remarkable that, for the PCD
lavas, the bulk composition of the magma became progres-
sively more mafic due to the mingling/mixing with the mafic
refilling melts (Braschi et al., 2012). The plagioclase-liquid
pairs that satisfy the Putirka (2008) equilibrium boundaries
thus return a temperature that is affected by this hot re-input.
In light of this, the estimated temperatures reflect a reheated,
post-recharge environment (mainly affecting the PCD), as
also revealed by the evident resorbed textures of plagio-
clase (but also pyroxene) phenocrysts and micro-phenocrysts
and by the higher temperature of the microlite oxide pair
(Fig. 9g). The obtained temperatures are, however, at least
150 °C lower than those found for CRCs and PCD enclaves.
This difference is enough to produce a suitable thermal con-
trast, promoting immiscibility and quenching in both the UP
and the PCD systems. The slightly higher temperature of the
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PCD lavas probably reflects major reheating of the whole
PCD system due to repeated mafic magma refilling after the
post-UP stage between the two eruptive phases (Braschi et
al., 2012).

In the UP, the interaction between CRCs and the rhyolitic
host is thus rapid, with negligible reheating of the evolved
host, as also confirmed by the euhedral shape of the plagio-
clase cargo and the homogeneous composition of the host
magmas (Fig. S1). In this regard, it is worth stressing that
the compositional (and textural) bimodality observed in the
PCD plagioclases (Sect. 4.3.4) is not present in the UP. This
indicates that the crystal exchange process between the host
pumice and the mafic-intruding melt was limited in the UP
system, thus strengthening the evidence of a short interaction
interval before eruption.

In the PCD, the reheating induced by the hot, mafic, and
H;O-richer magmas forming the enclaves primed a pertur-
bation in the evolved colder host magma, allowing mush cu-
mulate remobilization and promoting interactions between
the two melts over longer timescales with respect to UP,
hence providing the required conditions to induce the effu-
sive eruption. In this light, the high H,O content of the PCD
lavas (up to 6.2 wt %, with a mode around 5.6 wt %, Fig. 9¢)
coincides with the water saturation limit between 5.5 wt %
and 6 wt% H>O constrained by Popa et al. (2019, 2021a,
b) for the evolved melts produced at Nisyros—Yali. There-
fore, the PCD lavas can be assumed in water-supersaturated
conditions (Locher et al., 2025), whilst this is not true for
the UP pumice (having H,O at 4.2 wt %—4.6 wt %). These
authors suggest that the presence of high exsolved water in
storage conditions increases the bulk compressibility of the
stored magma body, hence allowing it to better accommodate
the volume of recharge material before erupting, promoting
more efficient reheating and thus a larger viscosity drop in
the silicate melt (e.g., Degruyter et al., 2017). As a result, in
contrast to what could be expected, the higher H,O content
of PCD lavas with respect to UP would favor their effusive
eruption. It should also be considered that the water solubil-
ity in magmas strongly increases with increasing P (e.g., Liu
et al., 2005) and counterbalances the effect of a possible T
increase. Consequently, the general deeper storage level esti-
mated for PCD with respect to the UP can explain the higher
H;O content found in the former, even if at slightly higher
T. The combination between the higher P storage and lower
viscosity of the reheated host magma may favor efficient out-
gassing during magma ascent (e.g., Popa et al., 2021b), thus
promoting the effusive eruptive style of PCD.

Further, due to the efficient reheating, the thermal con-
ditions of the PCD lavas did not allow crystallization but
instead promoted remelting (i.e., plagioclase phenocrysts
are all subhedral with rounded shapes, Fig. 3g). Microlites
and groundmass, in contrast, formed later, probably during
magma ascent and emplacement (Fig. 10a). In the effusive
phase, the ascent rate and the post-emplaced cooling are in-
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deed slower than in the explosive event, allowing late crys-
tallization.

5.3 Plumbing system evolution

Based on plagioclase mineralogy and in situ isotopes, we
already postulate that the PCD inherited the same magma
chamber of the UP due to the strict correspondence be-
tween the main composition and Sr isotopic signature of phe-
nocrysts hosted in the two systems (Braschi et al., 2012,
2014). In this work, however, new data mainly based on
mafic phases provide further elements, indicating an even
more complex picture (Fig. 10b). Indeed, the pressure setting
of the evolved UP and PCD reservoirs and, in particular, the
interaction horizon with the refilling mafic magmas changed,
with a deepening in the final PCD stage.

From the results of the thermobarometers on clinopyrox-
ene and amphibole, the eruptible reservoir of the UP explo-
sive eruption can be identified as a shallow evolved melt-rich
magma chamber (Fig. 10b-1). This reservoir was fed shortly
before the eruption by heterogeneous mafic batches, which
had previously differentiated in multiple, slightly deeper
ephemeral reservoirs (Braschi et al., 2022). In the modern
view of volcanic settings, shallow lenses of evolved mag-
mas are thought to form through progressive accumulation
of evolved melts that segregate from a deeper reservoir (i.e.,
Annen et al., 2006; Cashman et al., 2017; Ruprecht et al.,
2020; Sparks et al., 2022, 2024; Booth et al., 2024). In the
UP, the presence of a low amount of plagioclase and orthopy-
roxene phenocrysts in the erupted pumice may suggest that
these crystals represent part of the crystal cargo brought up
into the shallower level during segregation from a lower, still
relatively evolved reservoir, in which the main differentiation
processes occur. This reservoir was hidden at this stage (i.e.,
it is not recorded by our data) because the main mafic phases
used for thermobarometric estimations belong to the mafic
magma that directly refilled the shallower chamber. We can
imagine, however, that a deeper, evolved reservoir already
existed and was probably fractionating during this phase. In
our scenario, the mafic refilling is represented by CRCs that
intruded directly into the shallower evolved reservoir, min-
gled with the host, and finally erupted (see Fig. 12 in Braschi
et al., 2022, for details). The possibility of finding multiple
independent pathways to reach this shallow reservoir, despite
the presence of a deeper magma chamber, is far from being
demonstrated by this study. We can only observe that, in gen-
eral, tectonic structures, either pre-existing or newly formed,
form complex networks which may allow mafic melts to as-
cend across the crust along alternative paths (e.g., Maestrelli
etal., 2024). After the UP eruption, a relatively long period of
volcanic inactivity (possibly 20-30kyr) led to the establish-
ment of a post-UP stage where the magma left in the crustal
reservoirs continues to evolve, increasing the mushy cumu-
late volume (mainly made up by plagioclase and pyroxenes).
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Figure 10. (a) Schematic sketch illustrating the mineral assemblage of the UP pumice and PCD lavas compared to that of the CRCs and
PCD enclaves. For the UP pumice and PCD lavas, the length of the bars for each mineral phase is proportional to their abundance (as
indicated by the arrow). For the CRCs and PCD enclaves, the length of the bars is instead proportional to the crystallization interval during
mafic melt cooling (as indicated by the arrow). Between the CRCs and PCD enclaves, the crystallization order and the competition between
the different minerals clearly change according to the different evolutionary degrees of the mafic magmas and the different phase stability
during undercooling and enclave formation. (b) Schematic sketch of the evolution of the plumbing system from the UP (b-1) to the PCD
(b-2) activity (colors as in panel a), highlighting the changes in the plumbing system structure and summarizing the main findings on magma
characteristics and interaction dynamics.

The important evidence, however, is that during the suc- eruptible melts. In the PCD phase, the shallower and deeper
cessive PCD phase (Fig. 10b-2), the plumbing system dy- evolved reservoirs are both inherited from the UP and fur-
namics changed, and the erupted products reveal the co- ther developed during the post-UP stage into a more verti-

existence of two main reservoirs at different levels, which cally extended system possibly made of interconnected melt-
were both involved in the eruptions and thus both provided rich lenses (Fig. 10b-2). The new inputs of mafic magmas
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then refilled and reactivated the whole evolved system, to-
gether with their cumulates, providing heat and volatiles to
the system. These dynamics have been described in detail by
Braschi et al. (2012) and agree well with the obtained P-T
results, also highlighting further evolution of the interaction
within the PCD. The interaction between the mafic inputs
and the evolved host indeed decreased in the shallow reser-
voir with time (i.e., from the older to the younger PCD) and
instead concentrated at higher depths in the deeper reservoir.
The shallow reservoir still actively fed the PCD eruption and
is directly refilled from below (Fig. 10b-2), but the deeper
one became the prevalent level at which the interaction pro-
cesses generating enclaves occurred. This implies that, dur-
ing the PCD stage, the multiple refilling mafic magmas pref-
erentially intruded at higher depths, increasing their volume
at the base of the deeper magma chamber and leading to a
slight ascent of the interaction level (i.e., Fig. 12 in Braschi
etal., 2012), as testified by the prevalent P values characteriz-
ing the younger PCD enclaves. This mechanism contributes
to the generation of a more mafic signature of the erupted
products with time.

The obtained results provide interesting evidence of a re-
modeling of the magmatic feeding system at Nisyros during
the transition period between the UP and PCD stage. The
recent dating of PCD confirms a period of quiescence of at
least 30 kyr between the two activities (Locher et al., 2025),
in which the plumbing system developed into a deeper set-
ting, generating a more complex, vertical system of intercon-
nected melt lenses.

On the whole, our findings show that the evolved system
persisted from the UP to the PCD period, but the main ac-
tive (i.e., eruptible/involved in the eruption) reservoir was
relocated at a deeper level. This can possibly be related to
the structural perturbations which follow caldera collapses
(e.g., Kennedy et al., 2018). Previous works (e.g., Tibaldi et
al., 2008) have indeed suggested complex interplays between
the regional tectonic setting and the local stress regime,
which is in turn controlled by inflation/deflation episodes re-
lated to the evolution of the Nisyros volcanic system.

Further, we also provide evidence of a clear change in the
refilling mafic magma composition and in the interaction dy-
namics with the evolved host, associated with a variation in
the general P-T conditions between the two volcanic phases.
The different conditions of magmatic supersaturation in H,O
of the evolved reservoirs, from UP to PCD systems, were rec-
ognized as the main factor controlling the shift from explo-
sive to effusive activity (Popa et al., 2019, 2021b). However,
we suggest that the establishment of a more vertically ex-
tended and highly dynamic storage system in the PCD stage
(Fig. 10b), favored by the prolonged mafic intrusions dur-
ing the transition period between UP and PCD and associ-
ated with the change in the characteristics of the mafic refill-
ing magma, represents a fundamental factor that may have
promoted this shift. The CRC-forming magma indeed has a
more evolved composition than that of the PCD enclaves,
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and it differentiated through AFC at crustal levels (Fig. 10b-
1), also involving deep assimilation of carbonate lithologies,
before intruding into the shallow evolved magma chamber
(Braschi et al., 2022). This may have induced higher CO;
contents (and less H,O) in the CRCs compared to the PCD
enclaves, providing another critical factor favoring the ex-
plosive style of the UP eruption (e.g., Buono et al., 2020;
Chadwick et al., 2007).

An additional alternative or concurrent process that could
influence the eruption style and the transition from explosive
to effusive eruptions is related to tectonics and to the effects
of possible changes in regional/local extension dynamics and
stress regimes (e.g., Acocella et al., 2015). This may indeed
influence the plumbing system dynamics or magma stagna-
tion levels, as well as the fluxes of primitive melts rising from
deep magma reservoirs (e.g., Hutchison et al., 2016).

6 Conclusions

The detailed comparison of the mineral chemistry character-
istics of the juvenile products erupted during the two more
recent volcanic events on Nisyros volcano (UP explosive and
PCD effusive eruptions), coupled with thermobarometric es-
timations, has provided valuable evidence for the reconstruc-
tion of the magmatic feeding system architecture and its evo-
lution during these two periods of activity.

We have demonstrated that a crystal/liquid disequilibrium
condition is a common and widespread process occurring in
these long-lived, multiple refilled systems and that the ap-
plication to these systems of the geothermobarometers using
mineral/melt equilibrium could be critical.

Our results have also pointed out a change in the general
assessment of magma accumulation during the significant
quiescence stage of Nisyros volcano (at least 30 kyr), mark-
ing the transition period from the caldera-forming explosive
UP to the effusive PCD activity. This period allowed the
build-up of a multiple-storage magmatic system, sustained
by the intrusion of mantle-derived basalt.

Through mineral investigations, we have also provided
insights into the history and interaction dynamics of mag-
mas with different differentiation degrees, which point to a
more stirred system in the pre-eruptive period of the effu-
sive phase. Such evolution is consistent with magma stor-
age existing for a protracted time, supporting the hypothesis
of long-lasting, persistent magma storage above the solidus
(i.e., Szymanowski et al., 2017; Laumonier et al., 2019), even
beneath relatively small volcanoes such as Nisyros. The pro-
posed reconstructed evolution of a polybaric system made
up by multiple crustal pounding levels may contribute to the
knowledge of the behavior of silicic, composite volcanoes
with cyclic eruptive styles and periodic mafic refilling, pro-
viding elements to define the boundary conditions of magma
storage. In fact, this study suggests that the characteristics of
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the refilling mafic magma may also play a role in determining
the eruptive behavior of evolved bodies stored in the crust.

We finally point out that the careful study and interpreta-
tion of the history of each mineral phase is fundamental for
investigating magmatic systems characterized by interactions
between different melts through pervasive and widespread
(mechanical) mingling.
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